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Chapter 1 General Introduction 
1.1 Background 
Recently, considerable attention has been focused on the development of 
well-defined functional polymer microspheres1-4, especially those in the 
sub-micrometer-size range are currently offering useful and suitable colloidal supports. 
The colloidal stability of latex particles can be enhanced by functional groups such as 
carboxylic acids. The latexes with functional groups can be used to graft inorganic 
materials to form hybrid materials. Functional polymer microspheres can be presently 
produced using various strategies, which can be schematically classified in six main 
methods: ① polymerization in heterogeneous media (mostly in aqueous media and 
through radical initiation, although ionic initiation recently appears promising) leading 
to dispersions of particles in a wide range of size (from about 10 nm to several 
micrometers); e.g. emulsion polymerization and dispersion polymerization5, 
②modification of existing polymer microspheres6, ③ methods starting from 
preexisting polymers and relying on various physic-chemical strategies depending on 
the nature of the polymer7, 8; ④ self-assemblies of block or graft copolymers through 
molecular or electrostatic interactions9; ⑤ complexes as produced by polyelectrolytes 
or surfactants of opposite charges;  ⑥ dendrimer synthesis technology providing 
multifunctional and monodisperse particles10.  
 
Fig.1. 1 Various types of particle morphologies as produced by heterogeneous 
polymerization or from preformed polymers.11 
Fig. 1.1 shows a nonexhaustive and schematic list of these morphologies: starting 
from the simplest one (plain) to more elaborated ones such as core shell, hairy, hollow, 
microgel, etc which require a more complex mode of polymerization. In addition, 
inorganic material can be included leading to composite or hybrid particles. It should be 
instructive first to define what type of functionality can be installed to the particle and 
second what property they confer. Efficient colloidal stability is a major and essential 




temperature, mechanical stress which can be drastic for some applications. 
Owing mainly to their many advantages, such as small size, high specific surface 
areas, high mobility, and easy recovery from the dispersion, reversible dispersibility, 
spherical shape and functional groups enrichment on the surface of particles and so on, 
these special properties are essential in their application in various fields, e.g. chemical 
industry, medicine, biotechnology and electronics. Among these applications, optical 
and opto-electrical functions of particles are attracting attention particularly12. Some 
particles exhibit unique rheological behavior under special conditions and will expand 
their applications.13 
In the other hand, electrorheological fluids (ER Fluids), a “smart” viscoelastic 
material, composed of small particles being dispersed in nonconductive liquids, are 
fascinating materials whose structure and rheological properties are dramatically 
altered by an external electric field14, 15. This effect was first discovered by Winslow 
(1949), although as early as the 19th century scientists began studying ER response, He 
introduced the concept of controlling the viscosity of an electroviscous fluid by use of 
an electric field. Flow resistance of these fluids increased with field strength when 
exposed to AC electric fields on the order of 4kV/mm. He observed a “fibrous” 
structure composed of particle chains generally aligned with the applied electric field. 
Winslow hypothesized that these field induced particle chains increased the viscosity of 
the fluid.16 
 
Fig.1. 2 Particle polarization changes their organization in the fluid and causes changes in 
fluid rheological properties16 
The rheological properties (viscosity, shear yields tress, shear modulus, etc.) of an 
ER suspension could reversibly change in several orders of magnitude under an 
external electric field of several kilovolts per millimeter. ER suspensions often display 
a field strength dependent yield stress characterized at low shear rates by a plateau 
stress in a log-log plot of shear stress vs. shear rate. Since its mechanical properties can 
be easily controlled within a wide range almost from pure liquid to solid, the ER fluid 




and others areas, such as polishing, display, human muscle stimulator, and so on. Their 
potential wide utilization has stimulated a great deal of interests both in academic and 
industrial areas. 
Generally speaking, most ER fluids have three components the dispersed phase, 
the continuous phase and small amounts of unavoidable additives, such as inorganic 
salts and water, etc. The ER fluids are either heterogeneous or homogeneous. In the 
heterogeneous group, there are inorganic, organic or polymeric particulate materials. 
Fig. 1.3 shows the tree structure of the ER fluid. 
 
Fig.1. 3 The classification of ER fluids.  
ER fluids are colloidal suspensions of highly polarizable particles in a 
nonpolarizable solvent17. Once in a strong electric field, the behavior of the fluid is 
dominated by the dipolar interactions between the colloidal particles. The ER effect 
may be defined as a reversible change in the rheological properties of a suspension due 
to the application of an external electric field. Such suspensions are usually nonaqueous 
and have a low conductivity. The ER response is characterized by two main effects. The 
first is a rapid and reversible increase in the apparent suspension viscosity under 
application of the electric field. Orders-of-magnitude increases in viscosities are 
observed. The second major effect characterizing the ER response is a drastic change in 
suspension structure upon application of the electric field. Fibers or columns of 
particles spanning the electrode gap are rapidly formed and are reversibly degraded by 
shear. This link between electrical and rheological properties has stimulated 
considerable applied interest in the fluids. Typically such fluids are assembled with a 
continuous hydrophobic liquid phase (e.g. silicone oil18) containing hydrophilic 
particles (e.g. kaolinite19). The density of the particles is matched as closely as possible 
with that of the oil to ensure good dispersion upon mixing of the ER fluid. It is evident 
that the ER performance of a material is closely related to the dielectric property and 
polarizability of the material; thus, the ER performance of organic or polymeric 
materials may be improved by adjusting their molecular structures.20 




relationship to favorable ER trends. The optimization of ER fluid performance depends 
on the chemical and structural compositions of the particles in suspension and the 
suspension itself. Therefore, the development of high performance ER fluids via 
optimizing and tuning conducting materials has been a main subject of considerable 
interest for the application. More and more extensive materials are applied to the 
preparation of new tape of electrorheological materials, such as TiO2
21, 22, hematite23， 
β-cyclodextrin24, 25，polyaniline26, zeolite27-29, kaolinite30, 31, SiO232-34, carbon 
nanotube35-38, titanate39-43, liquid crystalline44-50, molecular sieve51, 52, cellulose53-57, 
chitosan58-61, etc. 
The lanthanides are the first row of the f-elements in the periodic table, also known 
as rare earths (RE). (Fig.1.4)62. Some RE complexes can be used as fluorescence 
materials or magnetic materials, which is related to the electron construction of RE 
elements20. The REs present various unique chemical properties that are favorable for 
both biological and materials research, and interest in their applications is increasing. 
Several authors have reported that doping with rare earth (RE) compounds can enhance 
the ER activity of particle materials63-67, such raw inorganic or organic materials 
include chitosan68, TiO2
69-72
,  β-cyclodextrin73, SiO274, 75, cellulose76, titanate77, 78, and 
so on, indicating doping with rare earth (RE) has similar application to the selection of 
the dispersed phase in ER Fluid. 
 
Fig.1. 4  An animated diagram of the periodic table 
Several mechanisms have been suggested for the origin of the ER response.79 
These include ① degradation of the fibrous structure formed by polarization forces 
between particle. ② distortion and overlap of the electric double layers of colloidal 
particles resulting in increased energy disipation,③ interelectrode circulation of 
particles, and ④the existence of water bridges between particles. Many of these models 
are qualitative in nature and do not predict links between rheological behavior and the 
physical properties of the suspending medium and particles. This poor understanding of 
the ER response has limited the development of ER suspensions optimized for 




Unfortunately, some available ER materials, some with relatively low shear stress 
and narrow operating temperature, some with poor suspension stability, are not 
satisfactory in engineering. A major unresolved problem in understanding the ER 
response lies in the role of suspension. Most ER suspensions possess at least a small 
conductivity arising from mobile ions. Application of an external electric field will 
affect ion distributions, causing alterations in the induced particle interaction potentials 
and thus resulting in changes in suspension rheological properties. Elevated suspension 
conductivities also result in prohibitive power requirements to achieve a useful 
enhancement in viscosity. As a result, many systems are optimized to minimize 
suspension conductivity, and, consequently, the effects of mobile charge carriers are 
expected to be small. Under these conditions, particle interaction potentials are 
dominated by the relative polarization of the solid and liquid phases. 
1.2 Research Objectives 
However, up until now, rare earth hybrid polymer microspheres as dispersed 
phase of ER fluid has not been studied, and no clear relation has been established 
between the ER activity and the types and properties of the metal material itself. 
Therefore, in order to understand more expressly the mechanism of ER effect, get 
available ER material, it is necessary to research further the influence of the rare earth 
complexes themselves on the ER performance of a material. 
Considering the influence of dielectric constant, conductivity and dielectric loss 
on ER effects, an effective approach to prepare hybrid composites used in ER materials 
was proposed by controlled soap-free emulsion polymerization method. Based on this 
point, our aim is to obtain hybrid polystyrene microspheres with surface rare earth 














Chapter 2 Synthesis of hybrid polystyrene microspheres 
with surface rare earth complexes via carboxyl polystyrene 
particles reacted with aqueous rare earth ion solution 
2.1 Introduction 
This many a day, referring to hybrid materials, mixing dissimilar components 
proved most useful in the formation of mixtures such as mixing organic and inorganic 
components in order to get optimal formulations in chemical industries. But in recent 
decades scientists and technologists have begun to realize that there is more to 
composite materials than just playing with mixtures. In general we could distinguish 
two main avenues concerning the type of application, one puts the main emphasis on 
the mechanical properties of the hybrids for their application as structural materials, 
second aims at the development of functional materials, where mechanical properties 
are secondary and chemical activity, physical properties or a combination of both are 
paramount. Normally, these materials with organic polymers form the predominant or 
host matrix where a variety of inorganic species can be embedded. Concerning 
materials based on conventional, insulating organic polymers, the field has evolved 
from the simple use of inorganic additives and fillers in order to get mixtures with 
certain improved properties to the design of true hybrid materials with organic and 
inorganic components interacting at the molecular level.80 Nowadays, the development 
of functional polymer microspheres have attracted more and more attentions for their 
many merits such as small particle size, high efficacy surface areas, spherical shape and 
the surface with various functional groups81. The reactive functional groups82-85 (for 
example: carboxyl, hydroxyl, amine, amide and chloromethyl groups, etc.) could be 
incorporated onto the surfaces of such microspheres. Being one of the most important 
surface functional groups for the microspheres, the carboxyl groups are proposed for 
biomedical or biodiagnostic applications. The incorporation of carboxyl groups with 
microspheres has also attracted large attention since the carboxyl groups on the surface 
of microspheres can be easily activated for various applications. The carboxyl groups 
integrated on the surface of microspheres, although their amount are few, also could 
provide many merits, including the enhancements of colloid stability, mechanical and 
freeze-thaw stability, rheological property and adhesion to various substrates86, 87. 
In the other hand, there are more and more methods of polymer chemistry to make 
it possible to prepare monodisperse surface-unified particles of a lower density as 
compared with inorganic materials. Polymerization methods used in such area had been 
developed in the past several decades, including dispersion polymerization, emulsion 
polymerization, soap-free emulsion polymerization,88-103 etc. But in traditional 
emulsion/dispersion polymerization, emulsifiers/dispersants are necessary in order to 




environment and damage the electricity, optics, surface properties and water-resistance 
of polymer, so it is more imperative but difficult to eliminate or reduce them from the 
polymer microspheres104-113. Soap-free emulsion polymerization which used no or 
small amount of emulsifier to prepare emulsion particle is a selectable method to solve 
such problem, thus formed polymer microsphere has clean surface with no or smaller 
amount of emulsifier114-119. 
Due to its facility of different polymerization methods, styrene is a widely used 
monomer for forming microspheres. Usually the soap-free emulsion polymerization of 
oil-soluble monomers (styrene) with water-soluble co-monomers (carboxylic acid 
monomers) has been widely used to prepare carboxylic acid containing polystyrene 
microspheres. The most frequently studied acid co-monomers are acrylic acid (AA), 
methacrylic acid (MAA), and itaconic acid (IA)120-122. These carboxylic acid monomers 
are completely soluble in water. Contrary to most previous claims, study of the 
copolymerization of water-insoluble carboxylic acid co-monomers such as p-vinyl 
benzoic acid (VBA) has been seldom mentioned. The main advantage of VBA is that it 
is less soluble in water than acrylic monomers; that is, it has a more hydrophobic 
character to lead to better incorporation of the carboxylic acid moiety in the polystyrene 
microspheres. It would increase the stability of the microspheres and give the 
maximum number of functional groups on the surface for further functionalization of 
the microspheres because of the increased steric hindrance of approaching 
microspheres.  
When a dispersion of monodisperse particles above is concentrated or deionized 
exclusively, the particles come to take a crystal-like distribution and emit iridescent 
colors due to the Bragg diffraction. Deionization of the dispersion causes expansion of 
the Debye length or apparent size of the particles and results in the same meaning as 
concentration of the dispersion123-125. Such crystal structures are not necessarily formed 
over the whole system but, in most cases, observed as deposited crystals on the surface 
of vessels or as floating crystals in amorphous dispersion. The coexistence of crystals 
and amorphous phases has been a subject of argument. The iridescent colors of crystals 
depend on the crystal structure and the angle of observation. Therefore, the colloid 
crystals are expected to be applicable to electric devices and color displays although an 
improvement of their stability must be attained for such applications. . 
Rare earth ions are typically hard Lewis acids with preference in bonding towards 
hard Lewis bases thus bonding in their complexes are largely electrostatic and 
non-directional126-128. As a result, three-dimensional structure factors govern the 
coordination geometry of rare earth complexes. The rare earth ions have a wide range 
of coordination, mostly between the ranges of 6-12, however low coordination numbers 
can be achieved with very bulky ligands. The most often observed coordination is 8 or 9 
especially for Eu, Gd, and Tb129-132. Photo-properties are usually affected by 
complication with ligands which can provide lanthanides with a certain degree of 
protection from surrounding water especially with chelating ligands133-135. The origin 




the rare earth ions (4fn→4fn transitions, furthered called the f-f transitions). As a 
consequence the influence of the ligands on the optical transitions within the 4f shell is 
small, resulting in sharp-line spectra resembling those of the free ions136-138. The 
exceptional color purity of light-emitting rare earth complexes139-143, for example red 
for Eu3+144 and green for Tb3+145, is shown in Fig. 2.1. 
 
Fig.2. 1 Typical emission spectra of luminescent rare earth complexes containing antenna 
chromophores . The emissions are coming from terbium (III), dysprosium (III) and 
europium (III) respectively. 
Currently, there have been two approaches to the synthesis of rare earth-polymer 
complexes: physical and chemical methods. The physical one is that the metal 
complexes are dispersed well in polymeric matrices directly146-148. The chemical one is 
to embed the metal-containing coordination chromospheres covalently to polymeric 
bodies, which has unique advantages to prevent phase separation and leach photoactive 
components; furthermore it includes two routes independent. One is to use a functional 
polymer to react with a metal salt149-154, and the other is to directly co-polymerize a 
metal-containing precursor155. In the point of view of some literatures, In the first way 
due to the fact that polymer chain could be tangled, even at low rare earth content, the 
resultant ionic aggregates in rare earth-polymer complexes tend to bring about critical 
emission quenching. At the same time, although the performances based on rare earth 
complexes, mainly Eu3+and Tb3+ complexes with high color purity, have been greatly 
improved156. However, previous reports are usually focused on β-diketone complexes, 
which are limited in terms of practical applications by their poor chemical stability and 
photo stability. In contrast, rare earth carboxylate complexes possess good ultraviolet 
durability and chemical stability157-160. However, little attention has been devoted rare 
earth carboxylate complexes due to their poor solubility, volatility and charge carrier 
transporting properties. To overcome the above-mentioned problems, it is well to keep 
a considerable distance between rare earth complexes as much as possible, so 
microspheres with surface europium or terbium carboxylate complexes may be a good 
choice157. Such surface modifications might be performed after the latex 
polymerizations, using chemical reactions other than polymerization itself. 




similar size and surfaces, based on the raw materials of monodisperse microspheres. 
2.2 Experimental Section 
2.2.1Materials 
Styrene (monomer, St), potassium hydroxide (KOH), acrylic acid (AA), 
methacrylic acid (MAA), itaconic acid (IA), p-vinyl benzoic acid(VBA), terbium 
( )chloride hexahydrateⅢ , and europium ( )Ⅲ  chloride hexahydrate were purchased 
from Kanto Chemical Co., Inc., Japan.  
Sodium p-styrenesulfonate (NaSS), divinylbenzene (DVB), potassium persulfate 
(KPS), triethylamine (TEA) were purchased from Wako Pure Chemicals Co., Japan.  
1, 10-Phenanthroline and 2, 2’-bipyridine were purchased from Tokyo chemical 
industry Co. Ltd., Japan. 
Cerium (III) nitrate hexahydrate, samarium (III) nitrate hexahydrate, lanthanum 
(III) nitrate hexahydrate, yttrium (III) nitrate hexahydrate, neodymium (III) nitrate 
hexahydrate, and gadolinium (III) nitrate hexahydrate were purchased from Shanghai 
Chemical Reagent Station, China.  
St was purified by vacuum distillation. The purified monomer was kept at -5 ◦C 
until use. KPS was recrystallized with methanol, dried in a vacuum oven, and kept at -5 
◦C until use. All the others were used as received. 
2.2.2 Synthesis of carboxyl polystyrene monodisperse microspheres 
via emulsifier-free emulsion copolymerization of styrene-carboxylic 
acid monomer 
2.2.2.1 Preparation of poly (St-co-VBA) microspheres 
 
Fig.2. 2 Scheme of preparation of poly (St-co-VBA)  
Poly (St-co-VBA) microspheres were synthesized in a four-neck mercury-sealed 
round-bottom flask fitted with a reflux condenser, Teflon stirrer powered by a 
high-torque mechanical stirrer and nitrogen and reagent inlets. The temperature was 
maintained by placing the reaction vessel in a temperature-controlled oil bath. The 
reaction vessel was charged with double-distilled water and methanol. The stirring rate 
was kept at 300 rpm. A nitrogen blanket was maintained throughout the reaction. The 
solution was deoxygenated by bubbling with nitrogen for 2 hrs. After a thorough 
deoxygenation, NaSS dissolved in distilled water, styrene, DVB, VBA and aqueous 
solution of KOH were injected and the temperature was increased to 70 ◦C. After 
equilibration for 30 min, a solution of KPS in water was injected into the reaction 




the oil bath was removed, and the stirring rate was adjusted to 150 rpm and maintained 
for another 24 hrs. After that the polymer latex was put to pass through the column of 
strong acid-type cation exchange resin for several times, and then was collected. The 
un-grafted VBA and other reagents were removed by ultracentrifugation at 10,000 rpm, 
and then redispersed in distilled water. 
2.2.2.2 Preparation of poly (St-co-MAA) microspheres 
 
Fig.2. 3 Scheme of preparation of poly (St-co-MAA)  
Poly (St-co-MAA) microspheres were synthesized in a four-neck mercury-sealed 
round-bottom flask fitted with a reflux condenser, Teflon stirrer powered by a 
high-torque mechanical stirrer and nitrogen and reagent inlets. The temperature was 
maintained by placing the reaction vessel in a temperature-controlled oil bath. The 
reaction vessel was charged with double-distilled water and methanol. The stirring rate 
was kept at 300 rpm. A nitrogen blanket was maintained throughout the reaction. The 
solution was deoxygenated by bubbling with nitrogen for 2 hrs. After a thorough 
deoxygenation, NaSS dissolved in distilled water, styrene and MAA were injected and 
the temperature was increased to 70 ◦C. After equilibration for 30 min, a solution of 
KPS in water was injected into the reaction mixture. The temperature and stirring rate 
were then maintained for 24 hrs, and then, the oil bath was removed, and the stirring 
rate was adjusted to 150 rpm and maintained for another 24 hrs, and then was collected. 
The un-grafted MAA and other reagents were removed by ultracentrifugation at 10,000 
rpm, and then redispersed in distilled water. 
2.2.2.3 Preparation of poly (St-co-AA) microspheres 
 
Fig.2. 4 Scheme of preparation of poly (St-co-AA)  
The experimental procedure is similar to that of poly (St-co-MAA). 





Fig.2. 5 Scheme of preparation of poly (St-co-IA) 
The experimental procedure is similar to that of poly (St-co-MAA). 
2.2.2.5 Self-organization of the carboxyl polystyrene microspheres 
Three-dimensional colloidal crystal was easily created in a constant temperature 
oven when the resulting microspheres above were dispersed in double-distilled water 
and then placed on cover glasses and dried at 45 ◦C.  
2.2.3 Synthesis of hybrid polystyrene microspheres with surface rare 
earth complexes via carboxyl polystyrene particles reacted with 
aqueous rare earth ion solution. 
2.2.3.1 Preparation of poly (St-co-VBA)/RE microspheres 
 
Fig.2. 6 Scheme of preparation of poly (St-co-VBA)/RE (RE=Tb, Eu, La, Ce, Sm, Y, Nd, Gd.)  
The aqueous dispersion of microspheres poly (St-co-VBA) was mixed with TEA 
aqueous solution, the pH of the resulting mixture was adjusted by TEA. Then the 
aqueous RE (III) (RE=Tb, Eu, Sm, La, Ce, Y, Nd, Gd.) solution was added slowly 
under stirring, with inner temperature maintained at 45◦C throughout the reaction. The 
solution was stirred in a controlled-temperature oil bath for 24 hrs. The particles were 
collected by ultra-centrifuged and washed with water and ethanol several times to 
remove the un-reacted RE (III) and other reagents (solvent), then dried in vacuum at 50 
◦C overnight. 
2.2.3.2 Preparation of poly (St-co-Carboxylic acid)/RE microspheres 
 
Fig.2. 7 Scheme of preparation of poly (St-co-Carboxylic acid)/RE (Carboxylic acid=MAA, 
AA, IA) (RE=Tb, Eu, La, Ce, Sm, Y, Nd, Gd.)  
The experimental procedure is similar to that of poly (St-co-VBA)/RE 
2.2.3.3 Preparation of poly (St-co-VBA)/Tb/phen microspheres 




Phen ethanol solution was added under stirring, with temperature maintained at 40 ◦C 
throughout the reaction. The solution was stirred in a controlled-temperature oil bath 
for 10 hrs, and the particles were collected by centrifugation, washed by water and 
ethanol several times to remove the un-reacted phen and other reagents (solvent), then 
dried in vacuum at 50 ◦C overnight . 
2.2.3.4 Preparation of poly (St-co-MAA)/RE/bpy microspheres 
The microspheres of poly (St-co-MAA)/RE were dispersed in ethanol, then the 2, 
2’-bipyridine (Bpy) ethanol solution was added under stirring, with temperature 
maintained at 40 ◦C throughout the reaction. The solution was stirred in a 
controlled-temperature oil bath for 10 hrs, and the particles were collected by 
centrifugation, washed by water and ethanol several times to remove the un-reacted 
Bpy and other reagents (solvent). 
2.2.3.5 Self-organization solid films of poly (St-co-carboxylic acid) 
microspheres 
The microspheres of poly (St-co- carboxylic acid) were dispersed in 
double-distilled water fully by ultrasonic, and then dispersion samples were removed 
to a small beaker cleaned beforehand, clean cover glasses which had been treated with 
CrO3/H2SO4 and washed with double-distilled water, were vertically inserted in such 
emulsion. With the water evaporating, the samples were left undisturbed until growth 
of the films was completed. Finally, the glasses were removed for further analysis. 
2.2.4 Characterization 
The infrared spectrum was recorded with FT-IR 460 (JASCO, Japan) using a KBr 
pellet. The morphologies of products were examined by a transmission electron 
microscope Tecnai-12 (Philip Apparatus Co., Netherlands) and a field emission 
scanning electron microscope S-4800 II (Hitachi, Japan). The size of particles was 
observed by Photal DLS-8000 (Otsuka, Japan). Solid-state NMR was analyzed by 
Bruke AVANCE III 400MHz (Bruker, Biospin International AG, Germany). TGA 
analysis was recorded on TG-50 (Shimadzu Co. Ltd., Japan). The electron 
paramagnetic resonance spectrum was recorded with A300-10/12 (Bruker, Germany). 
The Raman spectrum was recorded with Renishaw inVia Raman microscope 
(Renishaw, England). Fluorescence experiments were performed using F-4500 FL 
Spectrophotometer (Hitachi, Japan) and LSM710 laser scanning confocal microscope 
(Karl Zeiss AG, Germany).The amount of rare earth elements were determined using 
Optima 7300 DV ( ICP-Optic emission spectrometer) (PerkinElmer, U.S.A) 
 
2.3 Results and Discussion 
2.3.1 Carboxyl polystyrene monodisperse microspheres 
2.3.1.1 TEM of the carboxyl polystyrene microspheres 
The morphologies of the carboxyl polystyrene particles were examined by TEM 
(Figure 2.8-2.11. In such figures below, a-cross-linked in presence of DVB; b-without 




distribution, and the particles without DVB are nearly monodisperse microspheres, 
with a narrower size distribution. Compared with these microspheres, the morphologies 
of those particles cross-linked in presence of DVB are irregular, spheroid. 
Cross-linking effect caused by divinyl benzene leads to uneasy formation of regular 
spherical particle. The particle diameters of the samples uncross-linked are: 123.4 nm 
(poly (St-co-VBA), 379.6 nm (poly (St-co-MAA), 262.4 nm (poly (St-co-AA), 294.1 
nm (poly (St-co-IA).  
 
Fig.2. 8 TEM images of poly (St-co-VBA) microspheres 
 
Fig.2. 9 TEM images of poly (St-co-MAA) microspheres 
 





Fig.2. 11 TEM images of poly (St-co-IA) microspheres 
2.3.1.2 DLS of the carboxyl polystyrene microspheres 
              (A)                                      (B) 
  
                (C)                                      (D) 
  
Fig.2. 12 DLS of the carboxyl polystyrene microspheres (A-poly (St-co-VBA), B- poly 
(St-co-MAA), C- poly (St-co-AA), D- poly (St-co-IA)). 
Dynamic light scattering (also known as photon correlation spectroscopy or 
quasi-elastic light scattering) is a technique in physics that can be used to determine the 
size distribution profile of small particles in suspension or polymers in solution. It can 
also be used to probe the behavior of complex fluids such as concentrated polymer 
solutions. DLS is used to characterize size of various particles including proteins, 
polymers, micelles, carbohydrates, and nanoparticles. If the system is monodisperse, 




depends on the size of the particle core, the size of surface structures, particle 
concentration, and the type of ions in the medium. If the system is monodisperse, there 
should only be one population, whereas a polydisperse system would show multiple 
particle populations. We examined the particle size and particle size distribution of the 
particle by DLS. The results showed that such particles were narrow size-range and 
nearly monodisperse. (Fig.2.12)  
The typical conditions for preparation of carboxyl polystyrene microspheres via 
emulsiﬁer-free emulsion polymerization are given in Table 2.1 




Carboxylic acid(g) Methanol 
(g) 




VBA MAA AA IA 
1 12 2.4 / / / 30 170 0.10 0.10 182.7 1.29E-03 
2 12 / 2.75 / / 40 160 0.10 0.10 225.4 3.88E-03 
3 12 / / 2.46 / 40 160 0.10 0.10 212.5 2.28E-03 
4 12 / / / 2.28 40 160 0.10 0.10 231.4 2.65E-03 
(In round 1, the weight of KOH is 0.95g) 
2.3.1.3 FT-IR spectrum of the carboxyl polystyrene microspheres 
FT-IR spectra of these polymer microspheres (typically shown in Fig.2.13) 
provided confirmatory evidence for the incorporation of each of St, NaSS, and VBA 
(MAA) co-monomers. The absorption peaks (both at 3032, 1605, 1495, 1453, 758, 695 
cm-1 in Fig.2.13A and Fig.2.13B) correspond to the phenyl group, and the peaks (at 
2926,2842cm-1 in Fig.2.13A, at 2925,2841 cm-1 in Fig.2.13B) correspond to the 
methylene and methenyl groups. The absorption peak at 1727 cm-1 is assigned to the 
stretching vibrations of carboxylic group of carboxyl-functionalized polystyrene 
particles, while the peak (at 1021 cm-1 in Fig.2.13A, at 1024 cm-1 in Fig.2.13B) 
represents the symmetric stretching vibration of the SO3 group and the relatively broad 
peak (both around 1179 cm-1 in Fig.2.13A and Fig.2.13B) represents the asymmetric 
vibration of the SO3 group, indicating that both VBA/MAA and NaSS have been 
grafted onto the particles. 
              (A)                                      (B) 
  





2.3.1.4 Zeta potential of the carboxyl polystyrene microspheres 
From a theoretical viewpoint, as an important parameter of colloidal stability, zeta 
potential is electric potential in the interfacial double layer at the location of the 
slipping plane versus a point in the bulk fluid away from the interface, that is, the 
potential difference between the dispersion medium and the stationary layer of fluid 
attached to the dispersed particle. A value of 25 mV (positive or negative) can be taken 
as the arbitrary value that separates low-charged surfaces from highly-charged surfaces. 
The significance of zeta potential is that its value can be related to the stability of 
colloidal dispersions. The zeta potential indicates the degree of repulsion between 
adjacent, similarly charged particles in dispersion. For molecules and particles that are 
small enough, a high zeta potential will confer stability, i.e., the solution or dispersion 
will resist aggregation. When the potential is low, attraction exceeds repulsion and the 
dispersion will break and flocculate. So, colloids with high zeta potential (negative or 
positive) are electrically stabilized while colloids with low zeta potentials tend to 
coagulate or flocculate as outlined in the table below.   
Table 2. 2 Relationship between zeta potential and stability behavior of the colloid 
Zeta potential [mV] Stability behavior of the colloid 
from 0 to ±5 Rapid coagulation or flocculation 
from ±10 to ±30 Incipient instability 
from ±30 to ±40 Moderate stability 
from ±40 to ±60 Good stability 
more than ±61 Excellent stability 
(A)                                      (B) 
  
                (C)                                      (D) 
  
Fig.2. 14 Zeta potential of the carboxyl polystyrene microspheres (A-poly (St-co-VBA), B- poly 
(St-co-MAA), C- poly (St-co-AA), D- poly (St-co-IA)). 
The value of zeta potential of the particles sample of poly (St-co-VBA) (Fig.2 A), 
was -37.49 mv, the sample of poly (St-co- MAA) (Fig.2 B)was -30.77 mv, poly 
(St-co-AA) microspheres(Fig.2 C) was -37.14 mv, poly (St-co- IA) (Fig.2 D) was 




(St-co-carboxylic acid) latex had good stability, due to rich negative charge on their 
surfaces.  
2.3.1.5 Solid-state NMR of the carboxyl polystyrene microspheres 
The chemical shifts at 128.3 and 146.2 ppm for the carbons at the benzene ring 
are shown in Fig.2.15, indicating similar matrix of the carboxyl polystyrene particles. 
The question is how to confirm the presence of carboxyl groups in resultant 
particles, due to the difference between the poly (St-co-VBA) microspheres and the 
others. There are two peaks between 150-180 ppm, usually corresponding to carboxyl 
groups in free carboxyl acid. On the contrary, there are not any peaks between 150-180 
ppm in the other figures (Fig.2.15 B, Fig.2.15 C, and Fig.2.15 D). Due to the carboxyl 
acid co-monomers bounded on the surface of carboxylic polystyrene microspheres, 
the NMR of these particles were much different with that of free carboxyl acid161. The 
chemical shift at 187.9 ppm in Fig. 2.15A most probably shows the presence of the 
carbon of the carboxyl group. (187.7 ppm in Fig. 2.15B, 187.6 ppm in Fig. 2.15C and 
188.0 ppm in Fig. 2.15D, respectively). 
These results have confirmed our conclusion that carboxylic acid co-monomers 
had been grafted on the surface of carboxyl polystyrene microspheres successfully. 
                (A)                                      (B) 
  
                 (C)                                      (D) 
  
Fig.2. 15 Solid-state NMR of the carboxyl polystyrene microspheres (A-poly (St-co-VBA), B- poly 
(St-co-MAA), C- poly (St-co-AA), D- poly (St-co-IA)). 
2.3.1.6 Raman spectrum of the carboxyl polystyrene microspheres 
Raman spectroscopy is a spectroscopic technique used to observe vibrational, 




or Raman scattering, of monochromatic light, usually from a laser in the visible, near 
infrared, or near ultraviolet range. The laser light interacts with molecular vibrations, 
phonons or other excitations in the system, resulting in the energy of the laser photons 
being shifted up or down. The shift in energy gives information about the vibrational 
modes in the system. Infrared spectroscopy yields similar, but complementary, 
information. 
(A)                               (B)                             (C) 
   
Fig.2. 16 Raman spectrum of the carboxyl polystyrene microspheres (A-poly (St-co- MAA), 
B- poly (St-co- AA), C- poly (St-co- IA)). 
In Fig. 2.16A, the 3060 cm-1 was assigned to the O-H stretching vibration, 
similar peaks can be seen in Fig. 2.16B (3062 cm-1) and Fig. 2.16C (3053 cm-1). The 
peaks at 1034 cm-1 and 1003 cm-1 in Fig. 2.16A were originates from the benzene 
rings(1003 cm-1 and 1032 cm-1 in both Fig. 2.16B and Fig. 2.16C). The peaks of 1003 
cm-1 are obviously the strongest peak among these peaks. 
2.3.2 Effects of factors on particle size of carboxyl polystyrene 
microspheres 
2.3.2.1 Reaction mechanism of soap-free emulsion polymerization.  
Polystyrene represents one of the most used polymer colloids (latex) and several 
studies have been performed to control the size and monodispersity since the thirties of 
the previous century. New methodologies for synthesizing polystyrene are still relevant 
because they provide accessible chemical methods to obtain micrometer-sized particles 
with a given shape and size and a monodispersity even less than 2%. Indeed, the 
spherical shape allows the self-assembly of such particles into crystalline arrays, with 
lattice periodicities comparable to their diameters. Such arrays also function as 
removable templates for the fabrication of three-dimensionally ordered porous 
materials and find fascinating applications in the field of photonic band gap materials as 
found in the abundant literature in this area. Several different mechanisms have been 
proposed for such soap-free emulsion polymerization. Three basic mechanisms have 
been suggested: ①homogeneous nucleation,② homogeneous–coagulative 
mechanisms, and ③ in situ micellization. These proposed mechanisms for particle 
synthesis essentially consider two reaction stages. The first step concerns charged 
oligomer formation from initiator decomposition and subsequent “precursor nucleus” 
formation depending on the degree of polymerization. The colloidal suspension of such 
precursor nuclei is unstable and the nuclei coagulate into a stable suspension of“mature 
nuclei.” The second stage of the reaction involves growth by polymerization of 





Fig.2. 17 Schematic diagram of soap-free emulsion polymerization 
2.3.2.2 Effects of factors on particle size of carboxyl polystyrene 
microspheres 
Usually, under vigorous stirring, the diffusion of monomer to each particle can 
be considered as identical. If the nucleation process is also uniform, latex particles 
with a narrow size distribution should be produced in an ideal situation. Therefore, the 
key factor of preparing monodisperse latex is to provide a uniform nucleation process, 
which can be achieved by selecting an appropriate order to add reactants. 
To study the effect of reaction factors on the soap-free emulsion 
co-polymerization of St with NaSS and carboxylic acid, on the basis of the mechanism 
of soap-free emulsion polymerization detailed by other authors, the 
co-polymerizations were run with variations of different factors. Here the carboxylic 
acid-comonomers included p-vinyl benzoic acid (VBA), acrylic acid (AA), methacrylic 
acid (MAA), and itaconic acid (IA).  
 
Fig.2. 18 Effect of NaSS on particle size  




carboxyl polystyrene microspheres. As for the synthesis conditions of other carboxyl 
polystyrene microspheres are different but very similar with this investigation 
mentioned below, it is unnecessary to go into detail again. 
Here, NaSS not only does the co-monomer concentration change but also does 
polarity and stability of the growing particles during the polymerization. Moreover, 
the solubility of the sulfonate functional monomer in the hydrocarbon phase may alter 
the locus of polymerization. According to Kim et al117., a small amount of NaSS 
reduces the latex particle size and increases the polymerization rate dramatically 
because of the increase in latex particle number density caused by NaSS. The 
soap-free emulsion polymerization of St in presence of NaSS follows the 
homogeneous nucleation mechanism, as long as the NaSS concentration is kept lower 
than 10 mmol.dm-3. NaSS forms an ionic charge on the particle surface which can 
repel the particles and prevent agglomeration. With the increasing concentration of 
NaSS, the fraction of NaSS in the polymer chains will increase, so does the charge on 
the chains, thus enhancing their water solubility. Consequently, fewer chains are 
required to provide colloidal stability when forming the latex particles. Therefore, 
more latex particles can be formed and the particle size deceases. As a result, the 
particle size decreased when NaSS concentration increased. (Fig.2.18) (from 147.5 
nm to 74 nm) The particles prepared in presence of NaSS are much smaller than 
particles prepared without NaSS, because an oligomer bearing more charge groups 
should be more rigid to nucleate or to adsorb on the likely charged particle surfaces. 
 
Fig.2. 19 Effect of St concentration on particle size  
Referring to the St concentration, due to the homogeneous nucleation mechanism, 
the aggregated radicals absorb monomers and polymerize. The more St concentration 
increased, the more St monomers absorbed, the more particle size grew. (Fig. 2.19) 
(from 117.4 nm to 184.7 nm) 
In soap-free emulsion polymerizations, the particle size is mainly determined by 
nucleation rate and particle stability. The presence of methanol should increase the 
solubility of styrene in the continuous phase, and therefore, would promote the 
incorporation of styrene in the copolymerization that occurred in the continuous phase, 





Fig.2. 20 Effect of mass ratio of methanol / water on particle size  
On the other hand, another important factor should be considered, that is, the 
electrostatic interactions, originated from the charge groups, cannot be negligible in 
presence of NaSS and VBA. Adding methanol as a co-solvent normally reduces the 
electrostatic repulsion. Therefore, the presence of methanol could facilitate the 
oligomer nucleation and adsorption, and relatively larger particles were formed at 
higher methanol content. Nevertheless, the particle size did not increase linearly with 
decreased solubility parameter differences between the polymer and the dispersing 
media.(Fig. 2.20) (from 113.1 nm to 147.5 nm)To some extent, the influence on 
particle-size of NaSS is obviously bigger than that of mass ratio of methanol/water. 
 
Fig.2. 21 Effect of DVB concentration on particle size  
In such a polymerization, DVB acts as a cross-linking reagent. According to 
previous literatures, there are contradicting statements concerning the dependence of 
particle size on the extent of cross-linking. Barar et al163 reported that the particle size 
decreases with an increase in cross-link density, whereas Bai et al164 recently reported 
that an increasing cross-link density increases the particle diameter. Yang165 et al. 
observed no change in the particle diameter with increasing cross-link density. In our 
study, the particle size was slightly influenced by the polarity of the reaction medium 
when DVB was added. (See Fig. 2.21) When 1% DVB to styrene (w/w) was introduced 




Experimental results showed that the stable latexes could be obtained only when DVB 
was less than 3% in the reaction medium.  
2.3.3 Self-organization solid films of poly (St-co-carboxylic acid) 
microspheres 
One approach of the fabrication of 3D photonic crystals involves the 
self-assembly of monodispersed colloidal spheres, based on that these spheres can be 
readily synthesized with precisely controlled diameters ranging from a few 
nanometers to a few hundred micrometers. Previous studies have already 
demonstrated that 3D, crystalline arrays made of colloidal spheres can strongly 
diffract light, and each of them exhibits a stop band in its transmission spectrum. It 
has also been shown that this stop band can be characterized using three parameters: 
①the midgap position (λmin), which is mainly determined by the center-to-center 
distance between the colloidal spheres; ② the maximum rejection of the stop band, 
which is a function of the number of layers of colloidal spheres along the propagation 
direction of light, as well as the dielectric contrast between the spheres and the matrix 
material; and ③ the width of the stop band (∆λ), which strongly depends on the 
dielectric contrast and the packing structure of the crystalline lattice.166 As has been 
demonstrated by a number of research groups, the midgap position of such a kind of 
photonic crystal could be changed to cover a broad spectral region by using colloidal 
spheres with different diameters, here we have used electrically highly charged 
polystyrene particles as the building blocks, both of such microspheres could be 
self-assembled into face-centered cubic (fcc) structures (Fig.2.22, 2.23,2.24). The (111) 
face of these crystalline arrays was found to be parallel to the glass slides. 
SEM micrographs of surface and cross-section of latex crystals are shown in Fig. 
2.22, 2.23 and 2.24. Self-organization of microspheres results in a close-packed 
structure, in which the majority displays hexagonal packing in plane of the surface. 
Such formation of latex crystal is not only the result of the entropy driven packing of 
hydrophilic microspheres, which was enhanced by capillary adhesion during 
evaporation of the dispersed water; but also the result of the cooperative association 
of the electrostatic interaction and hydrogen bond between carboxyl groups. 
  





Fig.2. 23 SEM images of self-organization film of poly (St-co-MAA) microspheres 
  
Fig.2. 24 SEM images of self-organization film of poly (St-co-AA) microspheres 
In addition, we studied the transmittance spectra of solid films of poly 
(St-co-carboxylic acid) microspheres (Fig.2.25) 
              (A)                               (B)                            (C) 
   
Fig.2. 25 The transmission spectrum of solid films of poly (St-co-carboxylic acid) 
microspheres (A-poly (St-co-VBA), B- poly (St-co-MAA), C- poly (St-co-AA)). 
The 3D crystalline array of colloidal spheres diffracts light according to the 
Bragg equation: 
mλmin= 2dhkl(na2- sin2θ)1/2                            (1) 
Where m is the order of diffraction; λmin is the position of diffraction peak 
observed on the transmission spectrum (or the stop band); dhkl is the spacing between 
(hkl) lattice planes; na is the average index of refraction of the crystalline assembly; 
and h is the angle between the normal to the plane of interest and the incident light.  




polystyrene particles is~74 %, and the polystyrene particles are surrounded by water, 
meanwhile nPS is 1.65 and nwater is 1.33, so167, 168: 
na = nPS * 74% +nwater * 26%  =  1.65 *0.74+1.33 * 0.26 ≈ 1.57 
As all measurements reported here were taken along the normal to the glass slides, we 
have θ= 0, and we will consider m = 1 and d111 = (2/3)1/2D, where D is the diameter 
of the particle, as we consider the fcc structure of our samples. As a result, the 
position of the diffraction peak is solely determined by the diameter of polystyrene 
particles, based on the rearrangement of Equation 1166:  
λmin = 2(2/3)1/2Dna ≈ 2.56D                                (2) 
From the values in Table 2.3, calculated values are in good agreement with 
experimental results. 
Table 2. 3 Comparison of calculated value of Bragg's law and experimental results of the 
transmission dip position 
Sample No. Diameter of particles (nm) 
Central wavelength of band gap (nm) 
calculated value experimental results 
A 202 518 526 
B 280 717 732 
C 318 813 843 
2.3.4 Hybrid polystyrene microspheres with surface rare earth 
complexes 
2.3.4.1 TEM of Hybrid polystyrene microspheres with surface rare earth 
complexes 
                (A)                                      (B) (C)   
   
(D)                            (E)                              (F) 




(G)                            (H) 
 
Fig.2. 26 TEM images of poly (St-co-VBA)/RE microspheres (RE: A-Tb, B-Eu, C-La, D-Ce, 
E-Sm, F-Y, G-Nd, H-Gd). 
(A)                                      (B) (C)   
   
 (D)                              (E)                            (F)   
    
(G)                                (H) 
 




E-Sm, F-Y, G-Nd, H-Gd). 
(A)                             (B)                             (C)   
   
(D)                          (E)                              (F)    
   
Fig.2. 28 TEM images of poly (St-co-AA)/RE microspheres (RE: A-La, B-Ce, C-Sm, D- Y, E-Nd, 
F-Gd). 
(A)                               (B)                           (C) 
  





Fig.2. 29 TEM images of poly (St-co-IA)/RE microspheres (RE: A-La, B-Ce, C-Sm, D- Y, E-Nd, 
F-Gd) 
The figures (Fig. 2.26, 2.27, 2.28, 2.29) showed that the poly (St-co-carboxylic 
acid)/RE microspheres were also monodisperse, similar to poly (St-co-carboxylic acid) 
microspheres under TEM. The rare earth elements binding to the surface of the 
microspheres did not lead to significant changes in their morphologies. 
2.3.4.2 FT-IR spectrum of poly (St-co-VBA)/RE microspheres 
                     (A)                                               (B) 
  
Fig.2. 30 FT-IR spectrum of poly (St-co-VBA)/RE microspheres (Left-Tb, right –Eu). 
                       (A)                                               (B) 
  
Fig.2. 31 FT-IR spectrum of poly (St-co-MAA)/RE microspheres (Left-Tb, right –Eu). 





Fig.2. 32 FT-IR spectrum of poly (St-co-AA)/RE microspheres (Left-Tb, right –Eu). 
The figures (Fig. 2.30, 2.31, 2.32) are similar and show the FT-IR spectra of the 
poly (St-co-carboxylic acid)/RE microspheres. (Here carboxylic acids include VBA, 
MAA and AA; RE are Tb and Eu) Taking the poly (St-co-Tb) microsphere as an 
example (Fig.2.30 left), the FT-IR spectrum provided confirmatory evidence for the 
incorporation of terbium. The absorption band at 1727 cm-1 was assigned to the 
stretching vibrations of carbonyl group, and the bands at 1546 cm-1( νas (COO-) ) and 1415 
cm-1( νs (COO-) ) confirmed that the Tb3+ ions were successfully coordinated with the 
carboxylic groups on the polymer microspheres. The absorption band at 3431 cm-1 was 
assigned to the inner-coordinated water molecules, neither free water, nor hydroxyl 
groups. 
2.3.4.3 Raman spectrum of poly (St-co- carboxylic acid)/RE 
(A)                                 (B)                          (C)    
   
           (D)                             (E)                             (F) 
     





                                                                                                                                                   
Fig.2. 33 Raman spectrum of poly (St-co- VBA)/RE microspheres (RE: A-Tb, B-Eu, C-La, D-Ce, 
E-Sm, F-Y, G-Nd, H-Gd) 
As a useful supplement of infrared spectra, the Raman spectroscopy was used to 
identify the effects of doping different rare earth elements. 
Raman spectra of poly (St-co-VBA)/RE microspheres were recorded from 0 to 
4000 cm-1 (Fig. 2.33). The peaks of nearly 1003 cm-1 are obviously the strongest peak 
among these peaks at first. Compared with the other figures, the spectrum of poly 
(St-co-VBA)/Nd seemed much characteristic, more peaks disappeared.  
In Fig. 2.33A, the 3061 cm-1 was assigned to the O-H stretching vibration, 
similar peaks can be seen in Fig. 2.33B (3059 cm-1), Fig. 2.33C (3063 cm-1), Fig. 
2.33D (3060 cm-1), Fig. 2.33E(3061 cm-1), Fig. 2.33F (3062 cm-1), Fig. 2.33G (3061 
cm-1) and Fig. 2.33H(3063 cm-1).  
The peaks at 1033 cm-1 and 1002 cm-1 in Fig. 2.33A were originates from the 
benzene rings(1033 cm-1 and 1002 cm-1 in Fig. 2.33B, 1033 cm-1and 1002 cm-1 in Fig. 
2.33C, 1034 cm-1 and 1002 cm-1in Fig. 2.33D, 1033 cm-1 and 1002 cm-1in Fig. 2.33E, 
1033 cm-1 and 1003 cm-1in Fig. 2.33F, 1034 cm-1 and 1003 cm-1 in Fig. 2.33G and 
cm-1 and cm-1 in Fig. 2.33H).  
For the doping with rare earth, the C-CO bending mode is at 578 cm-1 (Fig. 
2.33A) (580 cm-1 in Fig. 2.33B, 580 cm-1 in Fig. 2.33C, 579 cm-1 in Fig. 2.33D, 577 
cm-1 in Fig. 2.33E, 577 cm-1 in Fig. 2.33F, 579 cm-1 in Fig. 2.33G and cm-1 in Fig. 
2.33H), the O-C-O bending mode is at 679 cm-1 (Fig. 2.33A) (677 cm-1 in Fig. 2.33B, 
678 cm-1 in Fig. 2.33C, 678 cm-1 in Fig. 2.33D, 678 cm-1 in Fig. 2.33E, 678 cm-1 in 
Fig. 2.33F, 680 cm-1 in Fig. 2.33G and cm-1 in Fig. 2.33H), and the CH2 wagging and 
twisting mode is at 1321 cm-1 . (Fig. 2.33A) (1321 cm-1 in Fig. 2.33B, 1321 cm-1 in 
Fig. 2.33C, 1320 cm-1 in Fig. 2.33D, 1320 cm-1 in Fig. 2.33E, 1321 cm-1 in Fig. 2.33F, 
1319 cm-1 in Fig. 2.33G and 1322 cm-1 in Fig. 2.33H). 
 (A)                                                (B) 
   
(C)                                   (D)                                             
   




(G)                             (H) 
 
Fig.2. 34 Raman spectrum of poly (St-co-MAA)/RE microspheres (RE: A-Tb, B-Eu, C-La, D-Ce, 
E-Sm, F-Y, G-Nd, H-Gd). 
The spectrum of poly (St-co-MAA)/Nd is similar to that of poly (St-co-VBA)/Nd 
also. In Fig. 2.34A, the nearly 3061 cm-1 was assigned to the O-H stretching vibration, 
similar peaks can be seen in Fig. 2.34B (3063 cm-1), Fig. 2.34C (3058 cm-1), Fig. 
2.34D (3058 cm-1), Fig. 2.34E (3062 cm-1), Fig. 2.34F (3063 cm-1), Fig. 2.34G (3063 
cm-1) and Fig. 2.34H(3058 cm-1).  
The peaks at 1033 cm-1 and 1002 cm-1 in Fig. 2.34A were originates from the 
benzene rings(1032 cm-1 and 1002 cm-1 in Fig. 2.34B, 1034 cm-1and 1003 cm-1 in Fig. 
2.34C, 1032 cm-1 and 1002 cm-1in Fig. 2.34D, 1033 cm-1 and 1003 cm-1in Fig. 2.34E, 
1033 cm-1 and 1002 cm-1in Fig. 2.34F, 1034 cm-1 and 1002 cm-1 in Fig. 2.34G and 
1033 cm-1 and 1003 cm-1 in Fig. 2.34H).  
In addition, by comparing the assignments of C-C stretching modes (866, 892 
and 908 cm-1), CH2 modes (1450 cm
-1), and CH2 rocking modes (2962, 2983, 3008 
cm-1). We found that they are all alike. The relative intensities and positions of the 
poly (St-co-MAA) internal vibration lines remain undisturbed. Therefore, we infer 
that the doping with rare earth does not cause a change in the solid structure and the 
symmetries of groups in the particles remain unaffected.  
However, the rare-earth dopant affects:169 
The C-CO bending mode is shifted to 578 cm-1 from 583 cm-1(Fig. 2.34A) (577 
cm-1 in Fig. 2.34B, 579 cm-1 in Fig. 2.34C, 576 cm-1 in Fig. 2.34D, 578 cm-1 in Fig. 
2.34E, 574 cm-1 in Fig. 2.34F, cm-1 577 in Fig. 2.34G and 573 cm-1 in Fig. 2.34H).  
The O-C-O bending mode is shifted t to 679 cm-1 from 665 cm-1(Fig. 2.34A) (677 
cm-1 in Fig. 2.34B, 676 cm-1 in Fig. 2.34C, 667 cm-1 in Fig. 2.34D, 676 cm-1 in Fig. 
2.34E, 676 cm-1 in Fig. 2.34F, 670 cm-1 in Fig. 2.34G and 680 cm-1 in Fig. 2.34H). 
The CH2 wagging and twisting mode is shifted to 1323 cm
-1 from 1310 cm-1(Fig. 
2.34A) (1322 cm-1 in Fig. 2.34B, 1322 cm-1 in Fig. 2.34C, 1321 cm-1 in Fig. 2.34D, 
1322 cm-1 in Fig. 2.34E, 1323 cm-1 in Fig. 2.34F, 1319 cm-1 in Fig. 2.34G and 1326 
cm-1 in Fig. 2.34H). 




   
(D)                            (E)                               (F) 
    
(G)                            (H) 
 
Fig.2. 35 Raman spectrum of poly (St-co- AA)/RE microspheres (RE: A-Tb, B-Eu, C-La, D-Ce, 
E-Sm, F-Y, G-Nd, H-Gd). 
The spectrum of poly (St-co-AA)/Nd is similar to that of poly (St-co-VBA)/Nd. 
In addition, by comparing the assignments of C-C stretching modes (871, 891 and 909 
cm-1), CH2 modes (1453 cm
-1), and CH2 rocking modes (2959, 2985, 3008 cm
-1). We 
found that they are all alike. The relative intensities and positions of the poly 
(St-co-MAA) internal vibration lines remain undisturbed. 
In Fig. 2.35A, the nearly 3063 cm-1 was assigned to the O-H stretching vibration, 
similar peaks can be seen in Fig. 2.35B (3064 cm-1), Fig. 2.35C (3060 cm-1), Fig. 
2.35D (3060 cm-1), Fig. 2.35E (3063 cm-1), Fig. 2.35F (3060 cm-1), Fig. 2.35G (3062 
cm-1) and Fig. 2.35H (cm-1).  
The peaks at 1032 cm-1 and 1002 cm-1 in Fig. 2.35A were originates from the 
benzene rings(1032 cm-1 and 1002 cm-1 in Fig. 2.35B, 1034 cm-1and 1002 cm-1 in Fig. 
2.35C, 1033 cm-1 and 1002 cm-1in Fig. 2.35D, 1034 cm-1 and 1002 cm-1in Fig. 2.35E, 
1034 cm-1 and 1003 cm-1in Fig. 2.35F, 1035 cm-1 and 1002 cm-1 in Fig. 2.35G and 
1033 cm-1 and 1002 cm-1 in Fig. 2.35H).  
The C-CO bending mode is shifted to 572 cm-1 from 583 cm-1(Fig. 2.35A) (575 
cm-1 in Fig. 2.35B, 581 cm-1 in Fig. 2.35C, 577 cm-1 in Fig. 2.35D, 576 cm-1 in Fig. 
2.35E, 568 cm-1 in Fig. 2.35F, 570 cm-1 in Fig. 2.35G and 571 cm-1 in Fig. 2.35H).  
The O-C-O bending mode is shifted t to 677 cm-1 from 665 cm-1(Fig. 2.35A) 
(671 cm-1 in Fig. 2.35B, 675 cm-1 in Fig. 2.35C, 680 cm-1 in Fig. 2.35D, 681 cm-1 in 





The CH2 wagging and twisting mode is shifted to 1326 cm
-1 from 1310 cm-1(Fig. 
2.35A) (1330 cm-1 in Fig. 2.35B, 1327 cm-1 in Fig. 2.35C, 1328 cm-1 in Fig. 2.35D, 
1326 cm-1 in Fig. 2.35E, 1322 cm-1 in Fig. 2.35F, 1319 cm-1 in Fig. 2.35G and 1326 
cm-1 in Fig. 2.35H). 
     (A)                               (B)                           (C) 
   
                (D)                            (E)                               (F) 
    
Fig.2. 36 Raman spectrum of poly (St-co- IA)/RE microspheres (RE: A-La, B-Ce, C -Sm, D-Y, E 
-Nd, F-Gd). 
The spectrum of poly (St-co-IA)/Nd is similar to that of poly (St-co-VBA)/Nd. 
In addition, by comparing the assignments of C-C stretching modes (871, 892 and 911 
cm-1), CH2 modes (1455 cm
-1), and CH2 rocking modes (2961, 2986, 3009 cm
-1). We 
found that they are all alike. The relative intensities and positions of the poly 
(St-co-MAA) internal vibration lines remain undisturbed. 
In Fig. 2.36A, the nearly 3064 cm-1 was assigned to the O-H stretching vibration, 
similar peaks can be seen in Fig. 2.36B (3065 cm-1), Fig. 2.36C (3065 cm-1), Fig. 
2.36D (3065 cm-1), Fig. 2.36E (3065 cm-1), Fig. 2.36F (3065 cm-1).  
The peaks at 1031 cm-1 and 1002 cm-1 in Fig. 2.36A were originates from the 
benzene rings(1033 cm-1 and 1002 cm-1 in Fig. 2.36B, 1033 cm-1and 1003 cm-1 in Fig. 
2.36C, 1033 cm-1 and 1002 cm-1in Fig. 2.36D, 1035 cm-1 and 1003 cm-1in Fig. 2.36E, 
1033 cm-1 and 1002 cm-1in Fig. 2.36F).  
The C-CO bending mode is shifted to 576 cm-1 from 583 cm-1(Fig. 2.36A) (574 
cm-1 in Fig. 2.36B, 577 cm-1 in Fig. 2.36C, 574 cm-1 in Fig. 2.36D, 574 cm-1 in Fig. 
2.36E, 575 cm-1 in Fig. 2.36F).   
The O-C-O bending mode is shifted t to 676 cm-1 from 665 cm-1(Fig. 2.36A) 
(678 cm-1 in Fig. 2.36B, 683 cm-1 in Fig. 2.363C, 683 cm-1 in Fig. 2.36D, 680 cm-1 in 
Fig. 2.36E, 681 cm-1 in Fig. 2.36F). 
The CH2 wagging and twisting mode is shifted to 1321 cm
-1 from 1310 cm-1(Fig. 
2.36A) (1321 cm-1 in Fig. 2.36B, 1331 cm-1 in Fig. 2.36C, 1321 cm-1 in Fig. 2.36D, 




2.3.4.4 TGA analysis of poly (St-co-VBA)/Tb microspheres 
(A)                                      (B)                           (C)    
   
Fig.2. 37 TGA curves of poly (St-co-VBA) and poly (St-co-VBA)/Tb microspheres (in 
dynamic nitrogen atmosphere (50 ml/min), and heating rate at 10◦C/min, recorded in the 
100◦C(30min) to 800◦C (40min)).(A- poly (St-co-VBA), B- poly (St-co-VBA)/Tb, C- the 
comparison of the TGA curves of poly (St-co-VBA) and poly (St-co-VBA)/Tb. 
Fig.2.37 is TGA curves of poly (St-co-VBA) and poly (St-co-VBA)/Tb 
microspheres and the comparison of the TGA curves of poly (St-co-VBA) and poly 
(St-co-VBA)/Tb. Although the two curves are similar to each other, but residue weight 
percent in poly (St-co-VBA)/Tb is significantly larger than that in poly (St-co-VBA). 
As the final temperature in TGA program is 800 ◦C, the matrix of polystyrene had 
almost been burned off, the residue of poly (St-co-VBA)/Tb was likely metal or metal 
oxide that could not be burned off. 
2.3.4.5 The investigation paramagnetic property of poly (St-co-carboxylic 
acid)/RE by EPR 
Electron spin resonance (ESR), sometimes is called electron paramagnetic 
resonance (EPR); like all forms of magnetic resonance it depends on magnetic dipole 
transitions with their intrinsic low transition probability compared with electric dipole 
transitions. EPR is a spectroscopic technique that detects chemical species that have 
unpaired electrons. A great number of materials contain such paramagnetic entities. 
Most EPR is carded out at fixed X-band microwave frequencies (9-10 GHz) in 
magnetic fields (for g = 2) around 0.3 T. It is based on the use of a master equation in 
two variables, viz. magnetic field and frequency, and can be used to generate both 
frequency- and field-swept spectra. It provides for a minimum parameter set and 
avoids having to make unwarranted assumptions about the form of skewed lineshapes 
that sometimes occur naturally in field-swept EPR experiments. Technically it has 
always been easier to sweep the magnetic field using an electromagnet than to sweep 
the frequency, though some frequency-swept (or zero field) ESR has been carried 
out170. 
(A)                             (B)                             (C) 
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(G)                             (H) 
 
Fig.2. 38 EPR curve of poly (St-co-VBA)/RE microspheres (Microwave frequency is 
9.857GHz) (RE: A-Tb, B-Eu, C-La, D-Ce, E-Sm, F-Y, G-Nd, H-Gd). 
According to the well-known spin Hamiltonian, the G factors of the spectral lines 
of different rare earth elements are similar to each other but with subtle differences171. 
From Fig. 2.38, the intensities of the lines mentioned above are different also. Among 
them, comparatively, Tb3+ and Gd3+ are the most strongest, and Ce3+ and Nd3+ are 
stronger. All of them are consisted of multiple lines except Tb3+ and Gd3+. 
(A)                              (B)                            (C) 
   
 (D)                           (E)                                 (F) 
    
Fig.2. 39 EPR curve of poly (St-co-MAA)/RE microspheres (Microwave frequency is 
9.857GHz) (RE: A-La, B-Ce, C -Sm, D-Y, E -Nd, F-Gd). 




   
(D)                         (E)                               (F) 
    
Fig.2. 40 EPR curve of poly (St-co-AA)/RE microspheres (Microwave frequency is 9.857GHz) 
(RE: A-La, B-Ce, C -Sm, D-Y, E -Nd, F-Gd). 
(A)                              (B)                            (C) 
   
(D)                            (E)                              (F) 
    
Fig.2. 41 EPR curve of poly (St-co-IA)/RE microspheres (Microwave frequency is 9.857GHz) 
(RE: A-La, B-Ce, C -Sm, D-Y, E -Nd, F-Gd). 
In the figures of Fig. 2.39, 2.40 and 2.41, the intensities of the lines of Gd3+ 
maintain to be larger. The spectral shapes of these figures have distinct features, 
obviously different from the others. 
The peaks in Fig. 2.38, 2.39, 2.40 and 2.41 show the paramagnetic property of 
these hybrid polystyrene microspheres. The synthesis of these hybrid polystyrene 
microspheres, did not involve other source of unpaired electrons except rare earth ions, 
the observed peaks firmly demonstrated the formation of rare earth complex on the 
surface of these hybrid polystyrene particles. 
2.3.4.6 Determination of the amount of terbium on the surface of hybrid 
polystyrene microspheres 




earth-bonding hybrid polystyrene microspheres, therefore it is crucial to get precise 
measurement for the content of rare earth element. 
Fig. 2.42 shows the typical SEM-EDS spectra of poly (St-co-carboxylic acid)/RE 
microspheres. From the images in Fig. 2.42, we can see that there already exists a little 
amount of rare earth element in hybrid polystyrene microspheres, such as Tb, Eu, La, 
Ce, Sm, Y, Nd and Gd. To get a comprehensive understanding of rare earth content in 
the microspheres, we have used the same dried hybrid microspheres powers to check 
the results of SEM-EDS and ICP-OES. Before ICP-OES analysis, the powers at first 
were digested by nitric acid. 
(A)                                      (B) 
  
(C)                                     (D) 
  
(E)                                      (F) 
  
(G)                                      (H) 
  
Fig.2. 42 SEM-EDS spectrum of poly (St-co-carboxylic acid)/RE microspheres(RE: A-Tb, 
B-Eu, C-La, D-Ce, E-Sm, F-Y, G-Nd, H-Gd,) 
Fig. 2.43 shows the typical ICP-OES spectrum of hybrid polystyrene 
microspheres. From the images in Fig. 2.43, we can see that the peaks of all the 
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Fig.2. 43  ICP-OES spectrum of hybrid polystyrene microspheres (RE: A-Tb, B-Eu, C-La, 




Based on the analysis of the same sample used (here we used poly 
(St-co-VBA)/Tb microspheres), the result obtained from SEM-EDS (3.45%) is greater 
than that from ICP-OES (1.04%). Perhaps this difference is due to the lack of 
representative of analytical area in SEM-EDS, partly indicating the terbium amount on 
the surface of microspheres. On the other hand, the result obtained from ICP-OES 
presents the whole amount of terbium, which is, equivalent to the terbium amount on 
the surface in our case in our case. Therefore, we select the result from ICP-OES as 
judgment in the next experiment. 
In order to get better results, we have done our best to make the hybrid 
polystyrene microspheres which will be used as raw materials possessed a similar 
amount of rare earth, with more consistent particle size. Such analytical results are 
listed in the tables below: 
Table 2. 4 Amount of rare earth on the surface of poly (St-co-VBA)/RE from ICP-OES  
 poly (St-co-VBA)/Ce poly (St-co-VBA)/La poly (St-co-VBA)/Sm 
RE amount (wt. %) 5.26 5.32 5.67 
 poly (St-co-VBA)/Y poly (St-co-VBA)/Nd poly (St-co-VBA)/Gd 
RE amount (wt. %) 3.42 5.51 5.92 
Table 2. 5 Amount of rare earth on the surface of poly (St-co-MAA)/RE from ICP-OES 
 poly (St-co-MAA)/Ce poly (St-co-MAA)/La poly (St-co-MAA)/Sm 
RE amount (wt. %) 5.32 5.36 5.72 
 poly (St-co-MAA)/Y poly (St-co-MAA)/Nd poly (St-co-MAA)/Gd 
RE amount (wt. %) 3.38 5.48 5.85 
Table 2. 6 Amount of rare earth on the surface of poly (St-co-AA)/RE from ICP-OES 
 poly (St-co-AA)/Ce poly (St-co-AA)/La poly (St-co-AA)/Sm 
RE amount (wt. %) 5.29 5.33 5.61 
 poly (St-co-AA)/Y poly (St-co-AA)/Nd poly (St-co-AA)/Gd 
RE amount (wt. %) 3.51 5.42 5.87 
Table 2. 7 Amount of rare earth on the surface of poly (St-co-IA)/RE from ICP-OES 
 poly (St-co-IA)/Ce poly (St-co-IA)/La poly (St-co-IA)/Sm 
RE amount (wt. %) 5.42 5.46 5.81 
 poly (St-co-IA)/Y poly (St-co-IA)/Nd poly (St-co-IA)/Gd 
RE amount (wt. %) 3.55 5.63 6.03 
2.3.4.7 Fluorescence studies on rare earth hybrid polystyrene particles 
As to the hybrid poly (St-co-VBA)/RE microspheres (RE is Tb or Eu), the 
properties of luminescence of such particles were observed clearly. Solid films were 
fabrication via self-organization described above. Confocal fluorescence microscope 
was used to investigate at first. Fig.2.44 presents the real luminescence image of the 
same composite microspheres that were excited by laser scanning, showing bright spots 
of green (left) and red (right) colors, prompting that these samples possess good 
emission colors. Such results prompt that the surface-modification process is 
homogeneous in each microsphere, which is crucial for producing uniform optical label 




microspheres at different intensity ratios with high reproducibility. However, we 
cannot get more clearly luminescence image by this way, regarding the magnification 
of optical microscope used and the particle size of microspheres (nearly 200 nm).  
  
Fig.2. 44 Images of solid-film of poly (St-co-VBA)/RE microspheres (Taken by confocal 
fluorescence microscope, left-Tb, right-Eu.) 
It has been previously mentioned that the transitions of the f-electrons are 
responsible for the interesting photophysical properties of the lanthanide ions, such as 
long-lived luminescence and sharp absorption and emission lines. The f-electrons are 
shielded from external perturbations by filled 5s and 5p orbitals, thus giving rise to 
line-like spectra. Thus the f-f electronic transitions are forbidden, leading to long 
excited state lifetimes, in the micro- to millisecond range. The forbidden nature of the 
f-f transitions is also reflected in low extinction coefficients, making direct 
photoexcitation of lanthanide ions difficult. This can be overcome by using organic 
chromophores to transfer energy to the lanthanide ions as organic chromophores do a 
better job at absorbing light. Hence photo-luminescent properties that are favourable 
for several kinds of applications can be harnessed. 
The organic chromophore acts like some sort of “antenna”. This effect is now 
known as the “antenna effect” and is vastly used to obtain the spectral advantages in 
lanthanides. Vast amounts of lanthanide complexes containing organic antennas has 
been shown to produce efficient photoluminescence. Thus careful choice of 
choromophores can cause even more pronounced enhancement in luminescence 
efficiency. The luminescence of organic-lanthanide complexes (antenna effect) is 
comprised of three key processes: ① absorption by excitation, ②energy transfer and ③ 
emission. 
First, based on the discussion above, the property of poly (St-co-VBA)/Tb 
particles was discussed. Usually, Tb3+ is used as an emitter, the emission bands of 
which appear around 500 (relatively strong), 550 (very strong), 585 and 625 nm, which 
can be recognized as green color172. Because of the shielding of the 4f orbital by an 
outer shell of the 5s and 5p orbits, the f-f transition of Tb3+which spans the visible range,  
formally Laporte forbidden, is sharp and easily recognizable. In the present study, we 
explore the enhanced emission of Tb3+ as a potential tool in the application of 




measured at first on fluorescent spectrometer. Fig. 2.45 (left) shows the excitation (left) 
and emission (right) spectrum of the microspheres. Under the excitation at 288 nm, the 
microsphere exhibits characteristic emission of Tb3+ ion. The band in the excitation 
spectrum (288 nm) can be assigned to the absorption from ligand, which indicated that 
there was energy transfer between the surrounding ligand (VBA) to Tb3+, someway 
confirmed that Tb3+ was successfully coordinated with the carboxylic group originated 
from VBA. The major emission peaks are at 493, 547, 587, and 621 nm, which come 
from the 5D4 level to the 
7FJ (J = 6, 5, 4, and 3), respectively, the dominating emission is 
at 549 nm, which is in agreement with the previous reports. Among them, the emission 
intensity from the 5D4→7F5 transition at 547 nm was remarkably higher than those of 
the other three bands.  
In contrast, the luminescence of aqueous Tb3+ is weak owing to nonradiative 
deactivation through the O-H vibrations of coordinated water molecules. The reason 
why the composite microspheres emit strong fluorescence was due to not only an 
improvement of the antenna effect but also the fact that less water molecules were 
coordinated to the Tb3+ ion. Theoretically, the efficiency of the energy transfer depends 
on the extent of spectral overlap of the emission spectrum of the donor with the 
absorption spectrum of the acceptor, the quantum yield of the donor, the relative 
orientation of the donor and acceptor transition dipoles, and the distance between the 
donor and acceptor molecules. Since VBA exhibit large absorption cross sections in 
the 250-300-nm range, energy transfer from the excited VBA to the emissive 5D4 state 
of bound Tb3+ is possible. Such energy transfer would result in enhanced Tb3+ 
luminescence in the presence of VBA. Yu et al173.reported that the resonance level of 
Tb3+ is 20,500 cm−1. The lowest triplet level of benzoic acid (Benz) is 24,800 cm−1. The 
energy gap between the lowest triplet level Benz and the resonance level Tb3+ is 4300 
cm−1. Here VBA has been co-polymerized with styrene; such aromatic carboxyl groups 
originated from VBA is assumed to be similar to Benz. So the triplet state of VBA 
ligand is inferred to be higher enough than the 5D4 energy level of Tb
3+. Thus, the ligand 
absorbs ultraviolet photons and is excited. By intersystem crossing, effective energy 
transfer between the ligand VBA and the central ion Tb3+ occurs, leading to the 
enhancement of Tb3+ emission which takes place from an excited state of VBA (donor) 
to the emissive 5D4 state of Tb
3+ (acceptor). The Coulombic energy transfer mechanism 
prevails at large donor-acceptor separations, whereas at short range, electronic 
exchange becomes dominant.  
When 1,10-phenanthroline (phen) was introduced as a sensitizer in poly 
(St-co-VBA)/Tb/phen particles, obvious quenching occurs. (Fig. 2.45 (right)) 
According to the study of Yan et al.174, there exists an intramolecular energy migration 
from VBA to phen, phen is the main energy donor and predominantly sensitizer of the 
Tb3+ luminescence. That is, phen will influence the luminescence intensity greatly if 
there is an energy transfer between the ligands. In the report of Yu et al. the lowest 
triplet level of phen is 22,100 cm−1. The energy gap between the lowest triplet level 




and phen is the most suitable for energy transfer from ligand to Tb3+. But a close match 
between the energy of the triplet state and the energy of the receiving 4f level of Tb3+ is 
not desirable either, because energy back transfer of Tb3+ to the triplet state can occur. 
Latva et al175. have found that the reason why Tb3+ luminescence intensity is decreased 
due to the energy back transfer from excited Tb3+* to the ligand when the triplet state 
energy level of the ligand was below 22300 cm-1. This indicates that the energy back 
transfer is observed when the energy difference between the 5D4 level of Tb
3+ and the 
lowest triplet state energy level of the ligand is less than about 1850 cm-l. The fast back 
energy transfer makes the lower luminescence intensity of poly (St-co-VBA)/Tb/phen, 
indicating that the effect of phen on the intensity here is not enhancement but quencher.  
  
Fig.2. 45 Fluorescent spectra of poly (St-co-VBA)/Tb microspheres (solvent: DMSO). Left is 
the excitation spectrum was monitored at 547 nm and the emission spectrum was 
monitored at 288 nm; right is the comparison of fluorescent emission spectra between 
poly (St-co-VBA)/Tb and poly (St-co-VBA)/Tb/phen. (a- poly (St-co-VBA)/Tb solution, b- 
poly (St-co-VBA)/Tb/phen solution, c-phen powers added to poly (St-co-VBA)/Tb solution 
directly.) The emission spectrum was monitored at 288 nm. 
Second, the property of poly (St-co-VBA)/Eu particles was investigated as below. 
The luminescent properties of poly (St-co-VBA)/Eu were measured on fluorescent 
spectrometer later. Even at a low content of europium, poly (St-co-VBA)/Eu emitted 
visual and intense red fluorescence, whereas polystyrene or poly (St-co-VBA) 
microsphere could not emit any color fluorescence at the same excitation wavelength. 
Fig. 2.46 shows the excitation (left) and emission (right) spectrum of the microspheres. 
In the excitation spectrum of poly (St-co-VBA)/Eu, a broadband at 287 nm is observed, 
assigned to the absorption from p-vinyl benzoic acid, which indicated that there was 
energy transfer between p-vinyl benzoic acid to Eu3+, someway confirmed that Eu3+ 
was successfully coordinated with carboxyl group on the surface of microspheres.. 
Upon being excitation at the maximum absorption (287 nm), characteristic 
luminescent bands of europium (III) exhibit at 569 (5D0→7F0), 590 (5D0→7F1), 620 
(5D0→7F2), and 701 nm (5D0→7F4) in the emission spectrum. This is in agreement with 
the previous reports.  Because of the shielding of the 4f orbital by an outer shell of the 
5s and 5p orbitals, the f-f absorption bands of Eu3+are very narrow. This transition is 
responsible for the red color emitted by the composite microspheres. Commonly, the 




environment while 5D0→7F2 is electric dipolar transition, therefore, the relative 
intensity ratio of 5D0→7F2 to 5D0→7F1 could value that the local environment of the 
europium(III) ions is centrosymmetric or not. Among them, the emission intensity from 
the 5D0→7F2 transition at 620 nm was remarkably higher than those of the other three 
peaks. Compared with the weak luminescence of aqueous Eu3+, the reason why the 
composite microspheres emit strong fluorescence could be attributed to the excellent 
matching of energy levels between the p-vinyl benzoic acid and the central ion Eu3+. 
According to the excited level 5D0 of europium(III) is at a lower energy (17000 cm
-1), 
meanwhile, owing to the similar molecular structure of benzoic acid (the lowest triplet 
level of benzoic acid is 24800 cm−1), energy transfer from the excited p-vinyl benzoic 
acid to the emissive 5D0 state of bound Eu
3+ is possible, that is, p-vinyl benzoic acid 
absorbs ultraviolet photons and is excited; by intersystem crossing, effective energy 
transfer between p-vinyl benzoic acid and the central ion Eu3+ occurs, leading to the 
enhancement of Eu3+ emission taking place from an excited state of p-vinyl benzoic 
acid (donor) to the emissive 5D0 state of Eu
3+ (acceptor).  
 
Fig.2. 46 Fluorescent spectra of poly (St-co-VBA)/Eu microspheres (solvent: DMSO) 
Third, for the poly (St-co-MAA)/RE microspheres without Bpy, with less 
disturbed surrounding environment, the elative intensities of electric dipole transitions 
(5D0 →7F2 for Eu3+ and 5D4 →7F5 for Tb3+) of such particles are too weak to be 
observed. When Bpy is incorporated in the particles, however, remarkable changes 
occur. The luminescent intensity of the 614 and 546 nm peaks for the Eu and Tb 
complexes can be measured respectively. The emission spectra presented in Fig. 2.47 is 
obtained for further investigating the photoluminescence properties of the hybrid 
particles. Images in Fig. 47 show the room temperature emission spectra of the 
europium (left) and terbium (right) hybrid microspheres obtained at the maximum 
excitation wavelength. As is shown in Fig. 47 (left), the emission lines for europium 
hybrid particles obtained from 5D0→7FJ (J = 0-4) transitions at 569, 587, 614, 649 and 
697 nm, respectively under the excitation wavelength at 295 nm. This is in agreement 
with the previous reports. The result suggests that the more efficient energy transfer 
took place between the ligands and the europium ions (antenna effect), strictly speaking, 
the suitable ligand is Bpy rather than MAA, and the introduction of the polymer 
microsphere as the co-ligand increased the light absorption cross section. Thus, the 




europium ions. Among the peaks in Fig. 47 (left), the emission intensity from the 
5D0→7F2 transition at 614 nm was remarkably higher than those of the other peaks. As 
is well known, the 5D0→7F1 transition belongs to the typical electric dipole transition 
which is hypersensitive to the symmetry of coordination sphere around Eu3+ ions, and 
the relative intensity ratio of 5D0→7F2 to 5D0→7F1 could value that the local 
environment of the europium(III) ions is centrosymmetric or not. 
 For terbium hybrid microspheres (Fig. 47 (right)) the emission lines at 490, 544, 
586, 618nm are assigned to the 5D4→7FJ (J = 6-3) transitions respectively under their 
maximum excitation wavelength. Among these peaks, the green emission is prominent 
which indicate the effective energy transfer occurred and the triplet energy level of the 
ligand Epy can match well with the excited level of the Tb3+ ion. While the introduction 
of the polymer microspheres can also increase the light absorption cross section which 
is consistent with the results of europium hybrid particles. Specifically, the reason why 
the composite microspheres emit strong fluorescence could be attributed to the 
excellent matching of energy levels between the ligands and the central ion RE3+, the 
Bpy ligands absorb ultraviolet photons and are excited; by intersystem crossing, 
effective energy transfer between the Bpy ligands and the central ion RE3+ occurs. 
Furthermore, according to the excited level 5D0 of Eu
3+ is at a lower energy (17000 
cm-1), the excited level 5D4 of Tb
3+ is 20,500 cm-1, and the lowest triplet level of Bpy is 
22,900cm-1, the energy gap between the lowest triplet level of Bpy and the excited level 
Eu3+ or Tb3+ are, respectively, 5900 or 2400 cm-1. For poly (St-co-MAA)/RE/Bpy, the 
energy gap between RE3+ and Bpy is more suitable for energy transfer from Bpy to 
RE3+. Some energy absorbed by MAA may be transferred to Bpy firstly, and then 
transferred to RE3+. Certainly the thermally activated RE3+-to-Bpy inverse energy 
transfer rate also increases. As the energy back transfer will be observed obviously 
when the energy gap between the excited level of RE3+ and the lowest triplet state 
energy level of the ligand is less than about 1850 cm-l, so the rate of energy transfer 
from Bpy to RE3+ increases more than the inverse energy transfer rate does, based on 
the larger energy gap. 
  
Fig.2. 47 The emission spectra of poly (St-co-MAA)/ /RE/Bpy microspheres (solvent: DMSO, a. 
RE=Eu, b. RE=Tb, monitored at 295nm) 
From Fig.2.48, the characteristic emission colors of europium (Fig.2.48 right) and 
terbium (Fig. 2.48 left) can be seen immediately under UV 254nm. Macroscopic 




the hybrid microspheres can be kept for nearly 2 weeks. 
 
Fig.2. 48 Digital photos of suspension of poly (St-co-MAA)/RE/Bpy microspheres taken under 
UV 254 nm (left: RE=Eu, right: RE=Tb) (solvent: the phosphate-buffered saline (PBS) solutions (pH 
7.4)) 
Similar phenomenon can also be seen in the digital photos of the suspension of 
poly (St-co-VBA)/RE (RE=Tb, Eu) microspheres taken under UV 254 nm. 
2.3. 5 Effects of factors on coordinated RE amount on the surface of 
hybrid polystyrene particles  
The reaction factors which influence the coordination of rare earth with carboxyl 
groups on the surface of poly (St-co-carboxylic acid) microspheres include solvent, pH 
value, reaction temperature and time, rare earth concentration and so on. Taking the 
poly (St-co-VBA)/Tb microsphere as an example, we had investigated the effects of 
the factors, such as concentration of RE, concentration of TEA and reaction time on 
coordinated RE amount on the surface of hybrid polystyrene particles. As for the 
synthesis conditions of other hybrid microspheres are different but very similar with 
this investigation mentioned above, it is unnecessary to go into detail again. 
As shown in Fig. 2.49, more terbium was detected on the surface of poly 
(St-co-VBA) microspheres with the increase of terbium concentration, and this number 
reached the maximum (~0.00017mol/g) when the concentration was 0.0024mol/L. 
After that, the increase of terbium concentration added did not change the amount of 
coordinated terbium. 
As shown in Fig. 2.50, more terbium was detected on the surface of poly 
(St-co-VBA) microspheres with the increase of TEA concentration, and this number 
reached the maximum (~0.00008mol/g) when the concentration was 0.0015mol/L. 
After that, the increase of terbium concentration added did not change the amount of 
coordinated terbium. 





Fig.2. 49 Effect of concentration of Tb added on coordinated Tb amount on the surface of 
poly (St-co-VBA)/Tb particles  
 
Fig.2. 50 Effect of concentration of TEA added on coordinated Tb amount on the surface of 
poly (St-co-VBA)/Tb particles 
 
Fig.2. 51 Effect of reaction time on coordinated Tb amount on the surface of poly 
(St-co-VBA)/Tb particles  
As shown in Fig. 2.51, more terbium was detected on the surface of poly 
(St-co-VBA) microspheres with the increase of reaction time, and this number reached 




increased did not change the amount of coordinated terbium. 
 
Fig.2. 52 Effect of temperature on coordinated Tb amount on the surface of poly 
(St-co-VBA)/Tb particles 
As shown in Fig. 2.52, the effect of temperature on the amount of terbium of poly 
(St-co-VBA)/Tb microspheres is significant. Accompanying with the increase of 
temperature from 25- 45 ◦C, the amount of terbium kept on increasing. Between 45 ◦C 
and 55 ◦C, there was a period of transition. The reaction system became unsteady, and 
white agglomerates were palpable when temperature stayed above 65 ◦C.  
2.4 Conclusion 
First, nearly monodisperse poly (St-co-carboxylic acid) particles were prepared 
by means of soap-free emulsion copolymerisation in methanol/water medium, with 
potassium persulfate as initiator. The studied acid co-monomers are p-vinyl-benzoic 
acid, acrylic acid (AA), methacrylic acid (MAA), and itaconic acid (IA) Based on the 
results obtained from FT-IR and solid-NMR, it seems that carboxylic acids have been 
grafted onto the surface of nearly monodisperse poly (St-co-carboxylic acid) 
microspheres. TEM images and DLS results showed that the polymer particles were 
monodisperse microspheres. 
The particle size decreased with the increase of NaSS concentration, because the 
incorporation of NaSS in the copolymer significantly enhanced particle stabilization.  
With the increasing concentration of NaSS, the fraction of NaSS in the polymer chains 
will increase, more latex particles can be formed and the particle size deceases. The 
presence of methanol could facilitate the oligomer nucleation and adsorption, and 
relatively larger particles were formed at higher methanol content. To some extent, the 
influence on particle-size of NaSS is obviously bigger than that of mass ratio of 
methanol/water. The more St concentration increased, the more St monomers absorbed, 
the more particle size grew. At the same time, the particle size was slightly influenced 
by the polarity of the reaction medium when DVB was added. The size of these 
micro-particles can be controlled to span a range from 75 nm to 485 nm. Results from 
the SEM and TEM images revealed the morphologies of poly (St-co- carboxylic acid) 




colloidal crystal quickly and easily. The order of latex crystals from the microspheres 
may depend on the monodispersity of microspheres and microsphere interactions 
including the electrostatic interaction and hydrogenbond between carboxyl groups on 
the surface. 
Second, hybrid polystyrene microspheres with surface rare earth complexes were 
easily fabricated from carboxyl polystyrene particles and aqueous rare earth ion 
solution in the presence of triethylamine, due to the negative charges on the surface of 
microspheres coordinated with rare earth ion. The rare earth elements included terbium 
(Tb), europium (Eu), cerium (Ce), samarium (Sm), lanthanum (La), gadolinium (Gd), 
yttrium (Y) and neodymium (Nd). Various methods, including TGA, TEM, SEM-EDS, 
ICP-OES, EPR, SEM and FT-IR, were used to characterize the resultant polystyrene 
composite microspheres. FT-IR spectra could confirm that the rare earth ions were 
successfully coordinated with the carboxylic groups on the polymer microspheres. The 
results of TG and EPR confirmed such conclusion from another perspective. TEM 
images showed that the rare earth ions binding to the surface of the microspheres 
doesn’t lead to obvious changes in the morphologies of them. The result of SEM-EDS 
is usually more than that of ICP-OES; maybe it is due to the lack of representative of 
analytical area in SEM-EDS, partly indicating the rare earth ions amount on the surface 
of microspheres. On the other hand, the result of ICP-OES presents the whole amount 
of rare earth ions, in our case, equivalent to the rare earth ions amount on the surface, so 
we select the result of ICP-OES as judgment in our whole experiment. The reaction 
factors which influence the coordination of rare earth ions with carboxyl groups on the 
surface of hybrid polystyrene microspheres include solvent, pH value, reaction 
temperature and time, rare earth ions concentration and so on. 
It should be pointed out that in these cases luminescent hybrid polystyrene can 
be easily prepared when terbium or europium ions were used. At first, a novel 
luminescent microsphere with terbium or europium complex on the surface of poly 
(St-co-VBA)/Tb or poly (St-co-VBA)/Eu was conveniently synthesized and proved to 
be an excellent luminous material with stable coordination structure and high emission 
intensity. The luminescent properties of such microspheres based on the surface 
modification of poly (St-co-VBA) through reaction between Tb3+ or Eu3+ ion and VBA 
groups, are due to the effective energy transfer from VBA ligand to Tb3+ or Eu3+ ions 
occurred indeed, as evidenced by the results of fluorescence excitation spectrum and 
laser scanning confocal microscope. These microspheres were very stable; they could 
keep their bright fluorescence for at least 3 weeks. We consider that it was the 
introduction of VBA that increased the stability of microspheres. It proved that less 
amounts of rare earth were needed and meantime good fluorescent microspheres with 
high intensity could be prepared without other ligands such as Phen, leading to the 
improvement on use efficiency of rare earth.  
In addition, for the poly (St-co-MAA)/Tb or poly (St-co-MAA)/Eu microspheres 
in absence of another ligand, with less disturbed surrounding environment, the relative 




such particles are too weak to be observed. When Bpy was introduced as second ligand, 
luminescence of such particles was improved obviously. The luminescent properties 
of the poly (St-co-MAA)/RE/Bpy (RE=Eu, Tb) microspheres based on the surface 
modification of poly (St-co-MAA) through reaction between RE3+ ion and Bpy groups, 
are due to the effective energy transfer from Bpy ligand to RE3+ ions occurred indeed, 
as evidenced by the results of fluorescence emission spectrum and digital photos taken 
under UV254 nm.. 
All the resulting luminescent microspheres can serve as new composite 
fluorescent markers with enhanced stability and versatile surface functionalities. Such 
method may be extended to other rare earth complexes for the preparation of functional 




































Chapter 3 Synthesis of hybrid polystyrene microspheres 
with surface rare earth complexes, using metal-containing 
precursor directly 
3.1 Introduction 
As mentioned in Chapter 2, there is at least another way to synthesize rare 
earth-polymer complexes by chemical method176-180. The method to directly 
co-polymerize a metal-containing precursor., particularly offers a well-defined 
structure around the metal center to lead to explicit optical-physics properties in turn, 
but there are some major problems in using such rare earth coordination compounds 
directly. The first is that such complexes are insoluble in usual organic solution used in 
polymerization. The second is that most rare earth complexes usually contain 
inner-coordinated water molecules, leading to low luminescence quantum efficiency 
because the coordinated H2O molecules can effectively quench the luminescence by the 
nonradioactive dissipation of energy on the high-energy O-H vibrations. The third is 
that the rare earth complexes are unstable in organic solution and in polymerization and 
then tend to dissociate into lower complex forms. In any case, it may well be a 
selectable choice, compared with the result of the ones prepared in Chapter 2. 
On the other way, it is necessary to think about any kind of physical methods, such 
as absorption by electrostatic force181-187. It is known that optical and electronic 
properties of nanocrystals and nanocrystalline materials of rare earth oxides differ from 
those of conventional materials, and that the physical properties can be influenced by 
the particle size, has initiated interest in this class of materials during last few years. 
CeO2 is an important functional host material, which has a variety of practical 
applications in such fields as special glass or fine ceramics, solid state luminescent 
phosphors, etc. Especially CeO2 phosphors with nanometer size exhibit strong 
ultraviolet absorption property and have been reported to be used as particle material in 
EF fluid with an additive188-191. Under normal circumstances, there are negative charges 
on the surface of carboxyl polymer microspheres and positive charges on the surface of 
metal oxides, through the mutual attraction between them, such metal oxides might be 
doped on the surface of carboxyl polymer microspheres. 
3.2 Experimental Section 
3.2.1Materials 
Styrene (monomer, St) was purchased from Kanto Chemical Co., Inc., Japan.  
Sodium p-styrenesulfonate (NaSS), potassium persulfate (KPS), were purchased 




Polyvinylpyrrolidone (PVP) K90 was purchased from Tokyo chemical industry 
Co. Ltd., Japan. 
Eu(MAA)3Phen, Gd(MAA)3 and nano-sized CeO2 powers (synthesized in our 
laboratory).  
St was purified by vacuum distillation. The purified monomer was kept at -5◦C 
until use. KPS was recrystallized with methanol, dried in a vacuum oven, and kept at 
-5◦C until use. All the others were used as received. 
3.2.2 Preparation of hybrid polystyrene microspheres with surface 
rare earth complexes, using metal-containing precursor directly 
3.2.2.1 Preparation of poly (St-co-Eu(MAA)3Phen) microspheres 
 
Fig.3. 1 Scheme of preparation of poly(St-co-Eu(MAA)3phen) 
Poly (St-co-Eu(MAA)3Phen) microspheres were synthesized using the 
co-polymerization technique in a four-neck mercury-sealed round-bottom flask fitted 
with a reflux condenser, Teflon stirrer powered by a high-torque mechanical stirrer and 
nitrogen and reagent inlets. The temperature was maintained by placing the reaction 
vessel in a controlled-temperature oil bath. The reaction vessel was charged with 
double-distilled water and methanol. The stirring rate was kept at 300 rpm. A nitrogen 
blanket was maintained throughout the reaction. The solution was deoxygenated by 
bubbling with nitrogen for 2 hrs. After a thorough deoxygenation, NaSS dissolved in 
distilled water, styrene, Eu(MAA)3Phen, methanol, DMF and the solution of 
polyvinylpyrrolidone K90 were injected and the temperature was increased to 70 ◦C. 
After equilibration for 30 min, KPS dissolved in water was injected into the reaction 
mixture. The temperature and stirring rate were then maintained for 10 hrs to complete 
reaction. 
The un-grafted monomer and residuals were removed by ultracentrifugation of 
microspheres at 10,000 rpm for 2hrs and washed by distilled water for repeating 3 times 
at least. 
3.2.2.2 Preparation of poly (St-co-Gd(MAA)3) microspheres 
Poly (St-co-Gd(MAA)3) microspheres were synthesized using the 
co-polymerization technique in a four-neck mercury-sealed round-bottom flask fitted 
with a reflux condenser, Teflon stirrer powered by a high-torque mechanical stirrer and 
nitrogen and reagent inlets. The temperature was maintained by placing the reaction 
vessel in a controlled-temperature oil bath. The reaction vessel was charged with 
double-distilled water and methanol. The stirring rate was kept at 300 rpm. A nitrogen 
blanket was maintained throughout the reaction. The solution was deoxygenated by 
bubbling with nitrogen for 2 hrs. After a thorough deoxygenation, NaSS dissolved in 




K90 were injected and the temperature was increased to 70◦C. After equilibration for 
30 min, KPS dissolved in water was injected into the reaction mixture. The temperature 
and stirring rate were then maintained for 12 hrs to complete reaction. 
The un-grafted monomer and residuals were removed by ultracentrifugation of 
microspheres at 10,000rpm for 2hrs and washed by distilled water for repeating 3 times 
at least. 
3.2.2.3 Preparation of poly (St-co- AA)/CeO2 microspheres 
CeO2 nanopowers were dispersed completely in ethanol by ultrasonic wave, such 
suspension was added dropwise slowly to the ethanol suspension of poly (St-co-AA) 
(prepared in the route in chapter 2) dispersed fully before, in the presence of 
mechanical stirring. The temperature was maintained by placing the reaction vessel in 
ice bath. After the dropping, the temperature and stirring were still maintained for 10 
hrs, and then, centrifugation, washing and vacuum drying. 
3.2.3 Characterization 
The infrared spectrum was recorded with FT-IR 460 (JASCO, Japan) using a KBr 
pellet. The morphologies of products were examined by a transmission electron 
microscope Tecnai-12 (Philip Apparatus Co., Netherlands). The size of particles was 
observed by Photal DLS-8000 (Otsuka, Japan).The electron paramagnetic resonance 
spectrum was recorded with A300-10/12 (Bruker, Germany). The Raman spectrum was 
recorded with Renishaw inVia Raman microscope (Renishaw, England). The amount 
of europium and gadroium was determined using Optima 7300 DV (ICP-Optic 
emission spectrometer) (PerkinElmer, U.S.A) 
3.3 Results and Discussion 
3.3.1 TEM images of hybrid polystyrene microspheres 
TEM images in Fig. 3.2 showed that both of the resultant polymer particles were 
microspheres too. The monodispersity of these particles were not as good as those 
microspheres prepared in chapter 2. 
 





3.3.2 FT-IR spectrum of hybrid polystyrene microspheres 
 
Fig.3. 3 FT-IR spectrum of poly (St-co-Eu(MAA)3phen microspheres 
The peak around 1029 cm-1represents the symmetric stretching vibration of the 
SO3 group and the relatively broad peak around 1177 cm
-1 represents the asymmetric 
vibration of the SO3 group, indicating that there is SO3
- on the surface of 
poly(St-co-Eu(MAA)3phen) microspheres. The IR spectra of the complex and Phen 
showed that the stretching vibration of Phen at 1620 cm-1 and the bent vibrations at 854 
and 739 cm-1 were shifted to lower frequencies at 1610, 849, and 721 cm-1, respectively, 
and indicated that Phen had coordinated with the Eu ion. The absorption peak at 
1727cm-1 assigns to the stretching vibrations of carbonyl group, and the bands at 1566 
cm-1 vas (COO-) and 1431 cm-1 vs (COO-) could confirm that Eu(MAA)3phen was 
successfully copolymerized with styrene onto the polymer microspheres, too.  
3.3.3 Raman spectrum of hybrid polystyrene microspheres 
  
Fig.3. 4 Raman spectrum of hybrid polystyrene microspheres (left- poly 
(St-co-Eu(MAA)3phen, right-poly (St-co-Gd(MAA)3. 
Raman spectra of poly (St-co-Eu(MAA)3phen and poly (St-co-Gd(MAA)3 
microspheres were recorded from 0 to 4000 cm-1 (Fig. 3.5). The peaks of nearly 1003 
cm-1 are obviously the strongest peak among these peaks at first.  
In Fig. 3.5 left, the peaks at 1033 cm-1 and 1002 cm-1 were originates from the 
benzene rings. For the doping with europium, the C-CO bending mode is at 572 cm-1, 
the O-C-O bending mode is at 677 cm-1 and the CH2 wagging and twisting mode is at 
1323 cm-1.  
In Fig. 3.5 right, the peaks at 1033 cm-1 and 1002 cm-1 were originates from the 




cm-1, the O-C-O bending mode is at 685 cm-1 and the CH2 wagging and twisting mode 
is at 1323 cm-1.  
3.3.4 The investigation paramagnetic property of hybrid polystyrene 
microspheres by EPR 
  
Fig.3. 5 EPR curve of hybrid polystyrene microspheres (left- poly (St-co-Eu(MAA)3phen, 
right-poly (St-co-Gd(MAA)3 
The figure of Fig. 3.6 (left) is different from the Fig. 2.39B, due to the 
appearance of new peaks; similar result is obtained from the comparision between Fig. 
3.6 (right) and Fig. 2.39F, confirming that their paramagnetic properties had been 
changed by the environments around the central rare earth ions. The synthesis of these 
hybrid polystyrene microspheres, did not involve other source of unpaired electrons 
except rare earth complexes used as co-monomers, the observed peaks firmly 
demonstrated the formation of rare earth complex on the surface of these hybrid 
polystyrene particles also. 
3.3.5 SEM-EDS spectrum of hybrid polystyrene microspheres 
  
Fig.3. 6 SEM-EDS spectrum of hybrid polystyrene microspheres (left- poly 
(St-co-Eu(MAA)3phen, right-poly (St-co-Gd(MAA)3. 
Fig. 2.42 shows the typical SEM-EDS spectra of poly (St-co-carboxylic acid)/RE 
microspheres. From the images in Fig. 2.42, we can see that there already exists a little 
amount of europium or gadolinium element in hybrid polystyrene microspheres, 
indicating that there had been rare earth ions complex on the surface of hybrid 




3.3.6 TEM image of nanometer-sized CeO2 powers 
 
Fig.3. 7 TEM images of nanometer-sized CeO2 powers 
TEM images in Fig. 3.2 showed such particles were nano-sized particles (~50 
nm), and nearly mono-disperse. 
3.3.7 SEM-EDS spectrum of nanometer-sized CeO2 powers 
 
Fig.3. 8 SEM-EDS spectrum of nanometer-sized CeO2 powers 
Fig. 3.8 shows the typical SEM-EDS spectra of nanometer-sized CeO2 powers. 
From the image, we can see that there already exists both cerium and oxygen elements 
in the powers. 
3.3.8 TEM image of CeO2 doped poly (St-co-AA) microspheres 
(A)                                      (B) 
   




   
Fig.3. 9 TEM images of CeO2 doped poly (St-co-AA) microspheres (From A to D, poly 
(St-co-AA) microspheres with different size were used) 
TEM images in Fig. 3.9 showed the morphologies of the hybrid polymer 
microspheres. Obviously, from Fig.3.9A to Fig.3.9D, more and more nano-sized 
CeO2 powers were absorbed on the surface of poly (St-co-AA) particles; finally, 
satellite-type hybrid microspheres were fabricated. In our opinion, the crucial factors 
include isoelectric point and the size of the poly (St-co-AA) particles. Suitable value 
of pH of the system is important. 
3.3.9 Description of hybrid polystyrene microspheres based on 
quantitative analysis 
In order to use the hybrid polystyrene microspheres as ERF raw materials, we 
have checked them by EDS and ICP-OES. Before ICP-OES analysis, the powers at first 
were digested by nitric acid. The results are shown as below: 
Table.3 1 Double check on the results of the amount of rare earth from SEM-EDS and 
ICP-OES 
RE amount poly (St-co-Eu(MAA)3phen poly (St-co-Gd(MAA)3 poly (St-co-AA)-CeO2 
EDX (wt. %) 5.27 12.17 9.64 
ICP-OES (wt. %) 3.45 5.12 4.58 
3.4 Conclusion 
Hybrid microspheres have been facilely fabricated via copolymerization of 
styrene and Eu(MAA)3phen or Gd(MAA)3 with using the mixture of water and 
methanol as the dispersing medium in presence of sodium p-styrenesulfonate (NaSS). . 
The microstructures and morphologies of the obtained poly (St-co-Eu(MAA)3phen)  
and poly (St-co-Gd(MAA)3) were characterized by using FT-IR, Raman spectra, 
SEM-EDS, EPR, and TEM. These investigations confirmed the presence of rare earth 
complexes on the surface of relation particles.  
By physical absorbtion, nano-sized CeO2 powers were doped on the surface of 
poly (St-co-AA) particles successfully/. It was confirmed by SEM-EDS and TEM; 






Chapter 4 Study on the ER effects of hybrid 
polystyrene microspheres with surface rare earth complexes 
4.1 Introduction 
The ER fluid is composed of particles diameter suspending in non-conducting 
liquid. When the suspension is placed between electrodes and under a high voltage, the 
particles align themselves into strings stretching from one electrode to the other192. The 
difference of dielectric constants of medium and particle is found to be the key factor, 
deciding the polarization of particles in an electric field and the extent of alignment of 
particles. The aligned particles resist the deformation of the suspension and it loses 
fluidity, corresponding to be changed from a Newtonian fluid to a Bingham one by the 
action of an electric field. The high voltage prohibits the practical use of ER fluids and 
several trails have been done to decrease the necessary voltage mostly with two means, 
which is, changing the composition of media and particles81.  
Now researches on ER fluids mainly focus on such areas: ① ER mechanism 
especially influence of variables on ER effect193-228; ②optimization of ER fluids 
formulas, especially selection and synthesis of particles with high dielectric constants 
for high performance of ER fluids219, 229-247; ③ reality of engineering application232, 
248-254. Due to their low density, high plasticity, and easy processibility into fine particle, 
it is becoming common to use polymers for dispersed particles in high performance ER 
fluids255-272. Similar situation also occurred in the research progress of giant rheological 
study273-275. In some case, particles or microspheres are doped to form hybrid particles, 
such as PSt276, 277, PMMA278-281, SiO2
276, 282, 283 microspheres etc284-290. It is well known 
that such particles mentioned above have an adjustable diameter and are easily dried. 
However, in addition to the enhancement of the ER activity of particle materials doped 
with rare earth compounds, even though including the electrorheological properties of 
rare earth oxide and rare earth hydroxide,  relatively little attention has been paid to the 
ER properties of various rare earth compounds based ER systems. Consequently, there 
is a critical need to investigate the role of different species rare earth affecting the ER 
activity in similar rare earth hybrid polymer microspheres based ER fluid systems. 
Here we assume that the aligned particles will resist the deformation of the 
suspension and it loses fluidity. It will correspond to a kind of sol-gel transition 
operated by electric fields, changing from a Newtonian fluid to a Bingum one by the 
action of an electric field. The electrostatic forces between the particles, which are 
induced by the electric field, depend on the electrical polarizability of the particles and 
are very sensitive to all species that may affect the dielectric constant of the particles. 
The ER effect of a fluid is the result of the electric polarization forces. The difference of 
dielectric constants of medium and particle is the key factor deciding the polarization of 




In this study, our aim is to investigate the role of the interaction forces on the ER 
response of an ER fluid, in terms of the flow behavior. So, the hybrid polystyrene 
microspheres prepared above were used as dispersed phase in EF fluids respectively. In 
our system the ER fluids are composed of spherical particles (hybrid polystyrene 
microspheres with different surface rare earth complexes) in a nonconducting 
dielectric fluid (silicone oil). Methyl silicone oil and hydroxyl silicone oil were used as 
liquid phase. The rheological properties, especially the relationship between shear rate 
and shear stress of such ER suspension under an external direct-current electric field 
were investigated respectively.  
4.2 Experimental Section 
4.2.1 Materials 
Hybrid polystyrene microspheres (prepared in Chapter 2 and Chapter 3) 
Hydroxyl silicon oil and methyl silicon oil both are chemically pure.  
4.2.2 Preparation of ER fluids and measurements of ER effects 
The ER suspension was prepared by grinding and then well dispersing the 
synthesized hybrid polystyrene particles (25 vol. %) in silicone oil at first. Due to the 
difficulties of measuring the volume of suspension, we replaced the volume fraction 
with weight percent by dispersing different weight of hybrid polystyrene particles in a 
fixed quantity of medium to produce different particle concentrations. Such an evenly 
dispersing was done completely by keeping the suspension under ultrasonic for nearly 
3 hours. And then the suspension was dried in vacuum at 50 ◦C for 4 days. Before 
rheological measurements, the dried suspensions were dispersed again.   
4.2.3 Rheological measurements 
The ER properties were measured by Rhestress 600 Haake rheometer (Thermo 
Haake corp. German) at 25◦C using a disc rotor, a DC high-voltage generator 
(HB-Z-502-5AC, China). The gaps between the upper plate and the bottom platform 
are both 1.00 ± 0.01 mm. 
The suspensions were put in the gap between the stationary bottom platform and 
the shifting the upper plate. Before reading stress data, the suspensions were initially 
sheared to make sure of sufficient dispersion, followed by applying the external electric 
field. The DC electric field was varied from 0 to 5 kV. 
4.3 Results and Discussion 
The  hybrid polystyrene microspheres with surface rare  earth  compounds,  
with  the  particle sizes  of  nearly 200 nm  were  used as raw materials. 
Rheological behaviors (shear stress–shear rate) of the ER suspensions are observed 
with rheometer under DC electric field.  
Dispersed in hydroxyl silicon oil or methyl silicon oil, different suspensions were 
prepared in order to investigate the oil effect. Unfortunately, nearly all suspensions 
dispersed in hydroxyl silicon oil showed negative electrorheological responses, so the 




emphatically as below. 
Theoretically, the electrostatic forces between the particles, which are induced by 
the electric field, depend on the electrical polarizability of the particles and are very 
sensitive to all species that may affect the dielectric constant of the particles. Since the 
ER effect is induced by an external electric field, the polarization is believed to play 
an important role, and the particle dielectric property should be dominant in the ER 
effect. Thus, it is possible to modify the dielectric and polarization properties by 
designing and synthesizing favorable ER materials. However, up until now, a ER 
material containing surface-doped rare earth complexes has not been studied, and no 
clear relation has been established between the ER activity of a rare 
earth-surface-doped material and its type. Therefore, in order to understand more 
expressly the mechanism of ER effect, get obviously ER effect, it is necessary to 
research further than previous studies. 
4.3.1 ER effect of poly (St-co-carboxylic acid)/RE microspheres. 
In order to get a better comparison effect, 25 wt. % polymeric hybrid particles 
mentioned in above were used in similar suspension for the measurement of ER 
response 
4.3.1.1 ER effect of poly (St-co-VBA)/RE microspheres 
 
Fig.4. 1 The relationship between shear rate and shear stress of ER Fluid containing poly 
(St-co-VBA)/La microspheres with different voltage from DC electric field 
Fig. 4.1 shows typical ER behavior-shear stress as a function of the shear rate for 
25 wt. % poly (St-co-VBA)/La particles in methyl silicone oil at six various electric 
field strengths. Without an electric field, the suspension shows Newtonian fluid 
behavior, namely shear stress increases linearly with shear rate. In the presence of 
electric field, the shear stress increases abruptly with the electric field strength and the 
fluid exhibits a higher yield stress, which means that the suspension has been  
strongly solidified under electric field (like a Bingham fluid).  
It is well known, Bingham model, shown in below, is the simplest one with two 
parameters originating from yield stress τ0 and Newtonian viscosity η0 and is widely 
adopted as a model for ER suspensions: 




The Bingham model has two flow regimes; a rigid pre-yield behavior for shear 
stress less than the field-dependent yield stress and Newtonian flow characteristics 
beyond the yield stress τ0 (post-yield region) 
In absence of electric field, there is an obvious change of the slope of the curve. 
After the critical point of shear rate (nearly 25 s-1), the curve will flatten out. Such 
similar phenomenon can be seen in the other figures. 
Due to an applied electric field, it can be seen from Fig. 4.1 that the yield stress 
is higher than that in absence of electric field. The minimum yield stress will be 
expected to increase above a certain value. Till the yield strength reached 3000 kv/mm, 
the shear stress reached a critical value, and then ER response occurred. Therefore, 
the flow curves demonstrate the structural changes or deformation of the fluids caused 
by applied electric field and shear force. 
Thinking about the shear thinning behavior, the value of the shear stress of the 
suspension under different electric field strength, corresponding to the specific value 
of shear rate, were regarded as the evaluation on basis of the ER effect of the 
suspension used. From Fig.4.1, when shear rate reaches 120s-1, the value of the shear 
stress without electric field is 84.63 Pa, at the meantime, the value of the shear stress 
under 5000 kv/mm electric field is 182.57 Pa. That is, when the electric field was 
applied, the value of shear stress of the suspension increased to 2.16 times of its 
original value. Clear ER response occurred. 
These evaluation criteria will be applied in other ER system, so that comparable 
results can be investigated. 
 
Fig.4. 2 The relationship between shear rate and shear stress of ER Fluid containing poly 
(St-co-VBA)/Sm microspheres with different voltage from DC electric field  
From Fig.4.2, till the yield strength reached 3000 kv/mm, the shear stress 
reached a critical value, and then ER response occurred. When shear rate reaches 
120s-1, the value of the shear stress of the suspension without electric field is 119.97 
Pa, at the meantime, the value of the shear stress under 5000 kv/mm electric field is 
184.2 Pa. That is, when the electric field was applied, the value of shear stress of the 







Fig.4. 3 The relationship between shear rate and shear stress of ER Fluid containing poly 
(St-co-VBA)/Ce microspheres with different voltage from DC electric field 
From Fig.4.3, till the yield strength reached 2000 kv/mm, the shear stress 
reached a critical value, and then ER response occurred. When shear rate reaches 
120s-1, shear stress without electric field is 95.39 Pa, at the meantime, shear stress 
under 5000 kv/mm electric field is 412.96 Pa. That is, when the electric field was 
applied, the value of shear stress of the suspension increased to 4.32 times of its 
original value. More marked ER response occurred. 
 
Fig.4. 4 The relationship between shear rate and shear stress of ER Fluid containing poly 
(St-co-VBA)/Gd microspheres with different voltage from DC electric fields 
From Fig.4.4, till the yield strength reached 3000 kv/mm, the shear stress 
reached a critical value, and then ER response occurred. When shear rate reaches 
120s-1, shear stress without electric field is 85.35 Pa, at the meantime, shear stress 
under 5000 kv/mm electric field is 152.92 Pa. That is, when the electric field was 
applied, the value of shear stress of the suspension increased to 1.79 times of its 
original value. Obvious ER response occurred. 
On the contrary, poly (St-co-VBA)/Nd system showed negative ER effect; and 




4.3.1.2 ER effect of poly (St-co-MAA)/RE microspheres 
 
Fig.4. 5 The relationship between shear rate and shear stress of ER Fluid containing poly 
(St-co-MAA)/La microspheres with different voltage from DC electric fields 
From Fig.4.5, till the yield strength reached 4000 kv/mm, the shear stress 
reached a critical value, and then ER response occurred. When shear rate reaches 
120s-1, the value of the shear stress of the suspension without electric field is 125.2 Pa, 
at the meantime, the value of the shear stress under 5000 kv/mm electric field is 146.8 
Pa. That is, when the electric field was applied, the value of shear stress of the 
suspension increased to 1.17 times of its original value. Small ER response occurred. 
 
Fig.4. 6 The relationship between shear rate and shear stress of ER Fluid containing poly 
(St-co-MAA)/Ce microspheres with different voltage from DC electric fields 
From Fig.4.6, till the yield strength reached 4000 kv/mm, the shear stress 
reached a critical value, and then ER response occurred. When shear rate reaches 
120s-1, the value of the shear stress of the suspension without electric field is 106.2 Pa, 
at the meantime, the value of the shear stress under 5000 kv/mm electric field is 
131.9Pa. That is, when the electric field was applied, the value of shear stress of the 





Fig.4. 7 The relationship between shear rate and shear stress of ER Fluid containing poly 
(St-co-MAA)/Gd microspheres with different voltage from DC electric fields 
From Fig.4.7, till the yield strength reached 4000 kv/mm, the shear stress 
reached a critical value, and then ER response occurred. When shear rate reaches 
120s-1, the value of the shear stress of the suspension without electric field is 97.03w 
Pa, at the meantime, the value of the shear stress under 5000 kv/mm electric field is 
122.3 Pa. That is, when the electric field was applied, the value of shear stress of the 
suspension increased to 1.26 times of its original value. Obvious ER response 
occurred. 
On the contrary, poly (St-co-MAA)/Sm and poly (St-co-MAA)/Nd systems 
showed negative ER effect; and the ER effect of poly (St-co-MAA)/Y system can be 
ignored. 
4.3.1.3 ER effect of poly (St-co-AA)/RE microspheres 
 
Fig.4. 8 The relationship between shear rate and shear stress of ER Fluid containing poly 
(St-co-AA)/La microspheres with different voltage from DC electric fields 
From Fig.4.8, till the yield strength reached 4000 kv/mm, the shear stress 
reached a critical value, and then ER response occurred. When shear rate reaches 
120s-1, the value of the shear stress of the suspension without electric field is 99.8 Pa, 
at the meantime, the value of the shear stress under 5000 kv/mm electric field is 




suspension increased to 1.30 times of its original value. Small ER response occurred. 
 
Fig.4. 9 The relationship between shear rate and shear stress of ER Fluid containing poly 
(St-co-AA)/ Sm microspheres with different voltage from DC electric fields 
From Fig.4.9 till the yield strength reached 4000 kv/mm, the shear stress reached 
a critical value, and then ER response occurred. When shear rate reaches 120s-1, the 
value of the shear stress of the suspension without electric field is 98.2 Pa, at the 
meantime, the value of the shear stress under 5000 kv/mm electric field is 125.12 Pa. 
That is, when the electric field was applied, the value of shear stress of the suspension 
increased to 1.27 times of its original value. Small ER response occurred. 
 
Fig.4. 10 The relationship between shear rate and shear stress of ER Fluid containing poly 
(St-co-AA)/Ce microspheres with different voltage from DC electric fields 
From Fig.4.10, till the yield strength reached 4000 kv/mm, the shear stress 
reached a critical value, and then ER response occurred. When shear rate reaches 
120s-1, the value of the shear stress of the suspension without electric field is 106.2 Pa, 
at the meantime, the value of the shear stress under 5000 kv/mm electric field is 
121.38 Pa. That is, when the electric field was applied, the value of shear stress of the 
suspension increased to 1.14 times of its original value. Small response occurred. 
On the contrary, poly (St-co-AA)/Nd systems showed negative ER effect; the ER 




4.3.1.4 ER effect of poly (St-co-IA)/RE microspheres 
 
 
Fig.4. 11 The relationship between shear rate and shear stress of ER Fluid containing poly 
(St-co-IA)/Gd microspheres with different voltage from DC electric fields 
From Fig.4.11, till the yield strength reached 3000 kv/mm, the shear stress 
reached a critical value, and then ER response occurred. When shear rate reaches 
120s-1, the value of the shear stress of the suspension without electric field is 110.28 
Pa, at the meantime, the value of the shear stress under 5000 kv/mm electric field is 
181.19 Pa. That is, when the electric field was applied, the value of shear stress of the 
suspension increased to 1.64 times of its original value. Obvious ER response 
occurred. 
On the contrary, poly (St-co-IA)/Sm, poly (St-co-IA)/Y, poly (St-co-IA)/La, poly 
(St-co-IA)/Ce and poly (St-co-IA)//Nd systems both showed negative ER effect. 
4.3.2 ER effect of other hybrid polystyrene microspheres with surface 
rare earth complexes 
 
Fig.4. 12 The relationship between shear rate and shear stress of ER Fluid containing poly 
(St-co-Eu(MAA)3phen) microspheres with different voltage from DC electric fields 
From Fig.4.12, till the yield strength reached 3000 kv/mm, the shear stress 
reached a critical value, and then ER response occurred. When shear rate reaches 




Pa, at the meantime, the value of the shear stress under 5000 kv/mm electric field is 
147.29 Pa. That is, when the electric field was applied, the value of shear stress of the 
suspension increased to 1.32 times of its original value. Clear ER response occurred. 
 
Fig.4. 13 The relationship between shear rate and shear stress of ER Fluid containing poly 
(St-co-Gd(MAA)3) microspheres with different voltage from DC electric fields 
From Fig.4.13, till the yield strength reached 3000 kv/mm, the shear stress 
reached a critical value, and then ER response occurred. When shear rate reaches 
120s-1, the value of the shear stress of the suspension without electric field is 129.52 
Pa, at the meantime, the value of the shear stress under 5000 kv/mm electric field is 
226.27 Pa. That is, when the electric field was applied, the value of shear stress of the 
suspension increased to 1.75 times of its original value. Obvious ER response 
occurred. 
 
Fig.4. 14 The relationship between shear rate and shear stress of ER Fluid containing CeO2 
doped poly (St-co-AA) microspheres with different voltage from DC electric fields 
From Fig.4.2, till the yield strength reached 3000 kv/mm, the shear stress 
reached a critical value, and then ER response occurred. When shear rate reaches 
120s-1, the value of the shear stress of the suspension without electric field is 138.75 
Pa, at the meantime, the value of the shear stress under 5000 kv/mm electric field is 
166.08 Pa. That is, when the electric field was applied, the value of shear stress of the 




4.3.3 ER effect of poly (St-co-MAA) microspheres 
 
Fig.4. 15  The relationship between shear rate and shear stress of ER Fluid containing 
poly (St-co-MAA) microspheres with different voltage from DC electric fields 
. From Fig. 4.15, the curves showed that the ER property of such suspension 
changed very small, in other words, the change can be neglected.  
4.3.4 The stability of ER Fluids prepared by different routes 
To observe the stability of such ER fluids prepared above, several suspensions 
had been placed for a long time. There was no obvious delamination during the 
storage period, and the ER responses were remained without any large change. The 
reason is due to the quality of low density and well dispersed in ER fluid, leading to 
the improvement of stability in such systems. 
4.4 Conclusion 
The ER suspensions containing hybrid polystyrene microspheres with surface 
rare earth complexes as dispersed particles can be obtained directly and can show 
somewhat high ER activity, compared with similar pure carboxyl polystyrene 
microspheres. 
Based on the experimental results, silicon oil is more suitable than hydroxyl 
silicon oil to be used as dispersing medium in these kinds of ER fluids. 
In more than half of these ER suspensions, the yield stress increased with electric 
field strength, while maximum yield stress occurred at optimum type of both 
carboxylic acid co-monomer and rare earth ion used in these particles.  
As to the ER activity for different suspensions containing different kinds of 
monovalent counter ions decreased in the following order: 
In poly (St-co-VBA)/RE, the order is Ce >La > Gd >Sm >Y >Nd.  
In poly (St-co-MAA)/RE, the order is Gd >Ce >La > Y > Sm, Nd. 
In poly (St-co-AA)/RE, the order is La >Sm > Ce >Gd, Y >Nd. 
    In poly (St-co-IA)/RE, only Gd is possible to be used. 
Regarding to the same rare earth ion used, the ER activity decreased in the 
following order: 




When Ce was used, the order is VBA >MAA > AA 
When Gd was used, the order is VBA >IA >M AA 
Thinking about the hybrid particles prepared by different route, there are also 
such orders as below: 
 Poly (St-co-VBA)/Ce > Poly (St-co-MAA)/Ce >Poly (St-co-AA)-CeO2> Poly 
(St-co-AA)/Ce. 
Poly (St-co-VBA)/Gd > Poly (St-co-Gd(MAA)3) >Poly (St-co-IA)> Poly 
(St-co-MAA)/Gd. 
All the phenomena may be discussed in terms of the ionic polarization 



































Chapter 5   Conclusion 
In this study, to research further the influence of the rare earth complexes 
themselves on the ER performance of a material, hybrid polystyrene microspheres with 
surface rare earth complexes had been obtained and their ER behaviors or effects had 
been investigated. 
First, nearly monodisperse poly (St-co-carboxylic acid) particles were prepared 
by means of soap-free emulsion copolymerisation in methanol/water medium, with 
potassium persulfate as initiator. These microspheres could be fabricated into ordered 
structure or colloidal crystal quickly and easily. 
Second, hybrid polystyrene microspheres with surface rare earth complexes were 
easily fabricated from carboxyl polystyrene particles and aqueous rare earth ion 
solution in the presence of triethylamine, due to the negative charges on the surface of 
microspheres coordinated with rare earth ion. It should be pointed out that in these 
cases luminescent hybrid polystyrene can be easily prepared when terbium or 
europium ions were used. All the resulting luminescent microspheres can serve as new 
composite fluorescent markers with enhanced stability and versatile surface 
functionalities. Such method may be extended to other rare earth complexes for the 
preparation of functional microspheres in aqueous medium. 
Third, direct co-polymerization of styrene with a rare earth-containing precursor 
was used to fabricate hybrid particles, such precursors included Gd(MAA)3  and 
Eu(MAA)3phen. Moreover, rare earth hybrid microspheres were synthesized by using 
poly (St-co-AA) microspheres combined with CeO2 nanopowders 
Fourth, the hybrid polystyrene microspheres prepared above were used as 
dispersed phase in EF fluids respectively.  Methyl silicone oil and hydroxyl silicone 
oil were used as liquid phase. The results showed that not all samples of the EF fluids 
exhibited positive EF activities. All the phenomena may be discussed in terms of the 
ionic polarization mechanism and surface polarization mechanism, due to the 
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